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Abstract 


Metamaterials  and  Transformation  Optics  (TO)  have  been  used  to  design  and 
implement  many  novel  electromagnetic  devices  that  can  achieve  effects  not  possible 
using  conventional  materials.  Compact  high-gain  antennas  are  one  of  the  more 
popular  and  successful  emerging  applications  for  the  new  TO  and  metamaterial 
design  approaches.  This  dissertation  details  an  extension  of  uniaxial  near-zero- 
index  metamaterial  lenses  through  the  incorporation  of  a  tunable  or  reconfigurable 
metamaterial  as  a  replacement  for  the  static  metamaterial  of  the  original  antenna. 

A  design  is  presenter!  for  a  beam-scanning  TO  lens  that  allows  an  arbitrary 
number  of  beams  at  controlled  magnitudes  to  be  dynamically  synthesized  from 
a  single  omnidirectional  source,  unlike  the  equivalent  antenna  constructed  using 
an  array.  A  cylindrical  slab  of  zero-index  magnetic  metamaterial  controls  the  ra¬ 
diation  pattern  by  altering  the  effective  shape  of  the  lens  through  switching  of 
selected  regions  ’ofT  to  emulate  free-space  conditions.  A  design  for  a  switchable 
metamaterial  is  presented  that  allows  for  digital  control  over  its  bulk  properties, 
from  near-zero-index  to  near-free-space  at  the  targeted  operational  frequency.  Ex¬ 
tensive  modeling  and  simulations  were  performed  for  the  design  of  the  lens  and 
metamaterial  and  during  the  analysis  of  measurement  results.  Initial  prototypes  of 
the  tunable  metamaterial  were  fabricated  and  characterized  to  confirm  the  original 
measurements,  and  the  design  updated  to  incorporate  the  measured  data.  These 
measurements  were  performed  using  custom  test  fixtures  manufactured  specifi¬ 
cally  for  this  project.  Finally,  a  simplified  prototype  lens  was  manufactured  and 
characterized  in  an  anechoic  as  a  proof-of-concept  for  the  design. 

This  dissertation  presents  the  lens  and  metamaterial  specifications,  as  well  as 
the  design  process  and  considerations  that  were  determined  for  practical  tunable 
and  reconfigurable  metamaterials.  Although  the  focus  is  on  the  particular  example 
of  the  beam-scanning  reconfigurable  antenna,  the  analysis  and  modeling  methods 
presented  here  are  applicable  to  any  reconfigurable  metamaterial  application. 
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was  concerned,  the  quaternion  was  not  only  not  required,  but  was  a  positive  evil  of 
no  inconsiderable  magnitude;  and  that  by  its  avoidance  the  establishment  of  vector 
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conveniently  harmonized  with  ordinary  Cartesian  work.  There  is  not  a  ghost  of  a 
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Chapter 


Introduction  and  Previous  Work 


With  traffic  congestion  increasing  on  popular  terrestrial  microwave  communication 
bands,  the  development  of  reconfigurable  antennas  is  quite  compelling  due  to  the 
possibility  of  placing  pattern  nulls  or  peaks  at  desired  locations  in  real  time  so  as 
to  reduce  interference,  power  consumption,  and  system  complexity.  Every  aspect 
of  radio  and  communication  technology,  except  for  the  antenna,  has  been  greatly 
advanced  in  recent  years  through  the  application  of  inexpensive  high-speed  com¬ 
puting  technology,  which  allows  digital  circuitry  to  replace  more  and  more  of  the 
expensive  analog  RF  devices  within  a  system.  An  increasing  fraction  of  the  ana¬ 
log  and  RF  hardware  within  radios  is  being  replaced  by  digital  signal  processors, 
and  “Software  Defined  Radio’1  aims  to  use  digital  signal  processing  in  the  place  of 
conventional  final  transmitter  power  amplifiers  and  receiver  filters.  These  changes 
make  the  entire  communication  system  more  flexible  by  removing  the  physical  de¬ 
sign  constraints  of  limited  space  for  multiple  RF  front-ends.  “Smart  Antennas” 
have  been  imagined,  but  not  yet  implemented,  to  serve  as  a  more  dynamic  compo¬ 
nent  of  such  a  communication  system.  With  features  such  as  automatic  interference 
rejection,  beam-scanning  to  focus  energy  on  other  stations  so  as  to  reduce  power 
and  increase  battery  life,  dynamic  frequency  adjustment,  and  (of  course)  allowing 
for  compact  and  lightweight  implementation,  such  a  “smart  antenna”  would  indeed 
make  an  enormous  impact  on  the  widespread  application  of  radio  and  microwave 
communication  technology. 

Reconfigurable  antennas  and  electromagnetic  devices  provide  frequency,  chan¬ 
nel,  and/or  application  diversity  within  a  system.  Whether  constructed  using 
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deformable  geometry  [1],  tunable  circuit  elements  [2],  or  the  interaction  of  multi¬ 
ple  feeds  (array  antenna),  making  small  changes  to  the  system  configuration  can 
be  designed  to  have  a  large  change  in  the  resulting  behavior.  Adding  configurable 
material  properties  to  this  list  of  options  significantly  increases  the  range  of  achiev¬ 
able  responses.  Spatially-reconfigurable  materials  offer  even  stronger  benefits,  as 
selectively  changing  the  material  parameters  throughout  the  structure  effectively 
offers  simultaneous  control  over  both  the  geometry  and  the  material  parameters. 

Materials  and  geometry  form  an  inseparable  pair  when  working  with  electro¬ 
magnetic  devices;  wave  propagation  is  affected  by  both  materials  and  their  geomet¬ 
ric  interfaces.  The  design  of  antennas,  waveguides,  filters,  and  resonators  consists 
of  a  material  forming  a  specialized  geometry  in  order  to  create  a  prescribed  electro¬ 
magnetic  field  behavior  in  either  the  time  or  frequency  domains.  Until  the  advent 
of  metamaterials,  geometry  could  be  considered  the  more  useful  of  the  two  tools, 
as  the  designer  would  only  have  absolute  control  over  the  geometry  of  a  design,  not 
the  media:  materials  with  natural  properties  could  be  combined  in  various  ways, 
but  a  medium  with  arbitrary  electromagnetic  properties  could  not,  in  general,  be 
synthesized.  Ultimately,  however,  materials  and  geometry  are  generally  equivalent 
in  capabilities  -  any  field  pattern  or  EM  behavior  may  be  implemented  in  different 
ways  depending  on  the  selected  structure  and  media.  Tuning  or  deforming  a  ge¬ 
ometrical  structure  may  be  corrected  by  adjusting  the  material  properties  of  the 
device,  and  vice  versa. 

The  introduction  of  metamaterials  to  the  electromagnetics  community  has  pro¬ 
vided  engineers  with  new  analysis  and  design  tools  that  have  been  proven  useful 
for  solving  difficult  problems.  The  field  of  antenna  design,  in  particular,  has  been 
greatly  enriched  by  the  influx  of  new  ideas,  with  metamaterials  being  used  to  en¬ 
hance  gain  [3]  and  bandwidth  [4]  [7],  reduce  antenna  size  [8]  [10],  and  construct 
new  types  of  collimating  lenses  [1 1 1  13].  Although  the  ideal  smart  antenna  has  not 
yet  been  constructed,  Metamaterials  and  Transformation  Optics  (TO)  14],  [15]  of¬ 
fer  electromagnetics  engineers  new  tools  for  the  development  of  such  a  technology 
in  stages.  This  dissertation  describes  the  development  of  a  dynamic,  reconfig- 
urable  metamaterial  lens  that  allows  complex  beam  steering  and  control  over  the 
azimuthal-plane  radiation  pattern,  thus  making  progress  towards  satisfying  one 
aspect  of  the  “Smart  Antenna”  design  problem. 
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Metamaterials  are  collections  of  subwavelength  structures  engineered  to  create 
interesting  electromagnetic  interactions,  often  enabling  properties  without  paral¬ 
lels  in  natural  materials.  Although  the  science  of  metamaterials  is  still  developing, 
many  applications  have  been  proposed  or  demonstrated  where  their  use  facilitates 
some  kind  of  novel  behavior.  In  particular,  the  design  techniques  that  have  been 
introduced  by  Transformation  Optics  (TO)  14]  rely  on  the  use  of  metamaterials 
for  the  construction  of  novel  devices  within  which  EM  waves  may  be  controlled 
with  a  high  degree  of  design  flexibility.  Application  of  TO  and  metamaterial- 
based  devices  to  antennas  for  the  augmentation  of  the  radiation  performance  or 
reduction  of  antenna  dimensions  is  a  productive  field  of  current  research.  Metama¬ 
terial  lenses  designed  with  TO  techniques  have  been  presented  for  use  in  compact, 
high-gain  16],  17]  and  multibeam  [3],  18]  antennas.  The  general  inhomogeneous 
and  anisotropic  material  parameters  required  by  the  TO  material  specification 
equations  can  for  some  designs  be  reduced  to  much  simpler  structures,  includ¬ 
ing  implementation  by  homogeneous  slabs  of  uniaxial  zero-index  metamaterials 
(ZIM)  [17j.  The  infinite  effective  phase  velocity  within  a  homogeneous  ZIM  slab 
with  an  embedded  excitation  source  leads  to  near-uniform  phase  and  amplitude 
at  the  exterior  faces  of  the  medium.  Using  metamaterial  and  Transformation  Op¬ 
tics  technology,  lenses  can  be  constructed  that  allow  the  number,  direction,  and 
relative  strength  of  the  beams  to  be  chosen  arbitrarily  during  lens  design  through 
the  appropriate  selection  of  the  lens  shape.  Each  face  of  the  lens  acts  as  a  ra¬ 
diation  aperture  and  produces  a  collimated  beam  with  directivity  relative  to  the 
face  size.  These  antennas  offer  an  alternative  beamforming  technique  with  some 
advantages  over  conventional  antenna  arrays,  as  all  of  the  beams  from  the  lens  are 
driven  by  a  single  feed  without  requiring  complex  multielement  phase-shifting  and 
impedance-matching  networks. 

Prototypes  of  selected  metamaterial  lenses  have  confirmed  the  predicted  per¬ 
formance  and  thereby  validated  the  TO/metamaterial  design  method  [3],  [17],  l19j 
and  the  use  of  metamaterial  lenses  for  antenna  pattern  control.  However,  the  ra¬ 
diation  pattern  of  these  lenses  is  fixed  during  design  and  fabrication,  limiting  the 
usefulness  of  these  TO-based  metamaterial  antennas  compared  to  conventionally- 
designed  dynamic  phased  arrays.  Conventional  phased  ar  ray  antenna  systems  are 
electrically  steerable  and  capable  of  producing  nearly  arbitrary  beam  patterns  with 
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high  gains,  given  a  sufficient  number  of  elements.  Arrays  are  not  always  suitable, 
though,  for  the  cost  and  feed  structure  complexity  increase  rapidly  with  the  size 
of  the  array.  Reflector  antennas  such  as  parabolic  dishes  can  also  generate  beams 
with  very  high  directivity  and  may  be  mechanically  manipulated  for  real-time 
beam  scanning,  also  with  a  single  feed.  Unfortunately,  the  possible  scan  rate  is 
limited  by  the  mechanical  actuators  and  such  systems  will  generally  be  limited  to 
a  single  beam  for  each  reflector  or  feed.  An  electrically-scanned  antenna  (com¬ 
pared  to  mechanically-steered  reflectors  or  other  radiators)  would  be  much  better 
for  high-speed  adaptive  communication,  radar,  and  sensing  systems.  In  compar¬ 
ison  to  arrays  and  reflector  antennas,  the  single  feed  required  for  a  multibeam 
metamaterial  lens  is  attractive,  but  the  static  radiation  pattern  greatly  limits  their 
application. 

The  game-changing  innovation  is  a  reconfigurable  TO  lens  that  is  based  on 
advanced  tunable  metamaterial  technology  and  high-efficiency  magnetic  antennas 
to  enable  novel  beam-scanning  behavior.  The  previously  described  collimating 
ZIM  lens  examples  can  be  modified  to  create  a  dynamic  beam-steering  lens  that 
can  form  and  scan  an  arbitrary  number  of  beams  in  real  time  through  the  use  of 
tunable  or  switchable  metamaterials.  This  innovation  pushes  the  state-of-the-art 
in  metamaterials  technology  to  allow  the  effective  shape  of  the  lens  to  be  controlled 
with  state  changes  of  blocks  of  metamaterial  unit  cells.  The  metamaterial  may  be 
constructed  using  printed  circuit  board  techniques  more  inexpensively  than  the 
precision  RF  phase-shifters  or  independent  transceivers  for  a  phased  array.  In 
the  same  way  as  the  shape  of  the  static  ZIM  antenna  determines  the  number 
and  relative  intensity  of  the  radiated  beams,  tuning  regions  of  the  dynamic  TO 
lens  between  near-ZIM  to  near-free-space  conditions  can  change  the  beam  count, 
strength,  and  direction.  With  the  potential  to  replace  adaptive  phased  arrays 
in  many  applications  due  to  the  ease  of  control  and  simpler  feed  structure,  the 
reconfigurable  TO  metamaterial  lens  is  an  exciting  development. 

Reconfigurable  metamaterials  alter  their  effective  bulk  electromagnetic  prop¬ 
erties  in  response  to  external  stimuli,  and  have  found  applications  in  antennas, 
transmission-line  devices,  free-space  filters,  and  more  [20].  The  ability  to  change 
the  material  properties  (permittivity,  permeability,  anisotropy,  dispersion)  of  a 
constituent  material  within  some  structure  is  a  novel  capability  that  is  only  just 
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now  starting  to  be  widely  applied.  One  could  consider  using  a  material  with  con¬ 
trolled  dielectric  constant  as  the  substrate  of  a  patch  antenna,  or  setting  the  focal 
length  of  a  dielectric  lens  by  varying  the  refractive  index  in  real  time. 

Tunable  radio-frequency  (RF)  metamaterials  have  been  previously  demonstrated 
using  MEMS  switches,  varactor  and  PIN  diodes,  structural  changes,  or  liquid 
crystal  as  the  active  component  [21 -[23].  The  previously  published  techniques 
and  mechanisms  are,  however,  unsuitable  for  a  large,  spatially- tunable  array  of 
resonators.  The  trouble  when  constructing  a  large  slab  of  an  actively-controlled 
metamaterial  is  apparent  when  power  and  control  signals  must  be  provided  to  each 
unit  cell.  For  a  lens  to  allow  arbitrary  beam  configurations,  individual  control  is 
required  over  each  unit  cell  or  at  least  small  groups  of  unit  cells.  Wireless  control 
and  power  is  impractical,  which  leads  to  the  requirement  that  wires  or  printed 
circuit  board  (PCB)  traces  be  used  to  interconnect  each  metamaterial  element. 
The  presence  of  metal  traces  within  a  metamaterial  structure  may  alter  the  de¬ 
sired  EM  field  interactions,  and  must  be  accounted  for  within  the  design  so  as 
to  minimize  the  effect  on  the  desired  metamaterial  operation.  Since  long  circuit 
traces  will  primarily  interact  with  the  electric  held,  using  a  magnetic  metamaterial 
can  reduce  the  effect  of  any  detrimental  interactions.  Also,  the  polarization  of  the 
feed  antenna  and  the  orientation  of  the  metal  traces  can  be  chosen  so  as  to  further 
minimize  the  interactions  with  the  electric*  field. 

High-speed  beam  scanning  (5  /is  beam  switching,  potentially  less)  is  enabled 
by  the  complete  lack  of  moving  parts;  all  control  and  scanning  is  enabled  by  solid- 
state  digital  electronics.  The  design  can  be  adapted  to  the  frequency,  directivity, 
power,  and  switching  speed  requirements  of  an  individual  application.  The  re- 
configurable  lens  described  in  this  dissertation  combines  the  multi-beam  dynamic 
scanning  capability  of  phased  arrays  with  the  power  over  wave  propagation  granted 
by  TO  techniques.  Combining  state-of-the-art  metamaterials,  magnetic  antennas, 
and  TO  designs  promises  to  produce  exciting  results  in  the  near  future. 

1.1  Reconfigurable  Antennas  and  Limitations 

Reconfigurable  antennas  provide  frequency,  spatial,  and  functional  diversity  for 
their  host  systems  by  dynamically  altering  their  behavior  and  performance  in  re- 
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sponse  to  a  control  signal  or  the  environment.  The  addition  of  tunable  elements 
[24]  or  materials  [25],  [26]  to  a  base  structure  can  vary  the  input  impedance  or 
current  distribution  to  adjust  the  resonant  frequency  [27]  or  radiation  pattern  [28] 
to  meet  real-time  requirements.  For  this  work,  dynamic  control  over  the  radiation 
pattern  (direction  and  number  of  high-directivity  beams)  is  the  primary  motiva¬ 
tion.  Although  this  goal  can  be  met  in  antennas  with  single  feeds,  such  as  reflectors, 
patch,  and  wire  antennas,  phased  arrays  can  be  considered  as  the  most  capable 
of  the  pattern-reconfigurable  antennas.  An  array  with  a  large  enough  number  of 
elements  can  be  used  to  generate  an  almost  arbitrary  radiation  pattern,  subject 
to  frequency  limitations  and  the  overall  physical  size  of  the  array.  However,  the 
required  phase  delay  and  power  division  circuits  or  independent  transceivers  for 
each  array  element  add  complexity  and  expense  to  a  system,  which  can  be  diffic  ult 
to  justify  in  many  cases.  The  best  examples  of  single-feed  pattern-reconfigurable 
antennas  offer  much  less  beamforming  capability;  such  antennas  will  either  offer 
a  small  number  of  beam  configurations,  or  in  the  case  of  the  reflector,  may  di¬ 
rect  a  single  beam  in  arbitrary  directions  a  mechanically-limited  slew  rate.  An 
antenna  that  combined  single-feed  topology  with  the  arbitrary  pattern  control  of 
a  large  phased  array  would  have  many  advantages  for  the  construction  of  inex¬ 
pensive,  high-performance  communication  systems.  Metamaterial-based  reconfig- 
urable  transmitarray  [29]  or  reflectarray  [30]  antennas  demonstrate  this  (desirable 
behavior,  but  both  examples  are  based  around  end-fire  operation;  azimuthal  scan¬ 
ning  would  not  be  supported. 

1 . 2  Metamaterials 

Because  of  the  myriad  interactions  of  matter  with  electromagnetic  waves,  materi¬ 
als  are  vitally  important  to  the  field  of  electromagnetics.  The  unique  properties  of 
new  dielectrics  and  material  substrates  have  been  used  to  create  better  lenses,  an- 
tireflective  coatings,  radar-absorbing  coatings,  and  more  efficient  antennas.  Even 
the  rapid  development  of  material  science  cannot  work  miracles,  and  even  the 
most  advanced  materials  will  be  limited  in  their  properties  and  applications  by 
what  nature  has  provided.  Engineering  some  composite  material,  homogeneous 
or  inhomogeneous,  to  meet  specific  electromagnetic  performance  constraints  can 
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be  a  greatly  superior  option  to  simply  selecting  a  material  from  a  library  of  avail¬ 
able  products.  An  inhomogeneous  engineered  material  that  may  be  characterized 
in  its  electromagnetic  interactions  as  possessing  some  effective  electric  permittiv¬ 
ity  and  magnetic  permeability  created  through  the  use  of  structures  arranged  in 
a  specific  geometric  pattern  is  called  a  metamaterial.  Metamaterials  derive  their 
properties  from  their  subwavelength  structure,  not  the  material  composition  alone. 
Electromagnetic  metamaterials  are  quite  useful  tools  for  the  development  of  new 
antennas,  filters,  waveguides,  transmission  lines,  and  lenses,  allowing  more  com¬ 
pact,  broadband,  and  potentially  low-loss  operation.  Although  still  in  the  early 
stages  of  development,  metamaterials  show  great  promise  for  influencing  designs 
and  common  practices  for  all  of  electromagnetics. 

A  metamaterial  is  a  structure  composed  of  a  collection  of  artificial  engineered 
molecules  designed  to  behave  as  a  homogeneous  material  within  some  frequency 
band  of  interest  with  electromagnetic  wave  interactions  that  are  uncommon  or  im¬ 
possible  to  achieve  with  an  ordinary  ‘real’  material.  A  structure  defined  in  this  way 
emulates  the  electromagnetic  field  interactions  with  actual  materials,  where  the 
atomic,  molecular,  and  inter-molecular  resonances  and  interactions  determine  the 
response  of  a  material  to  an  electromagnetic  impulse,  as  illustrated  by  Fig.  1.1(a). 
Most  metamaterials  use  periodic  arrays  of  identical  molecules  for  simplicity  of  anal¬ 
ysis  and  construction,  where  the  molecules  are  macro-sized  structures  that  are  still 
much  smaller  than  a  wavelength  at  the  desired  operational  frequency  band.  Since 
the  periodic  structures  are  on  a  macro  scale,  the  electromagnetic  field  is  clearly 
inhomogeneous  inside  the  metamaterial.  However,  the  fields  may  be  homogenized 
for  analysis  and  design  by  using  small  unit  cells,  thus  allowing  the  wave  interactions 
of  the  electromagnetic  field  and  the  metamaterial  to  be  approximately  specified 
by  an  effective  electric  permittivity  and  magnetic  permeability  as  in  Fig.  1.1(b). 
Although  metamaterials  are  considered  here  only  for  electromagnetic  waves,  they 
may  also  be  defined  and  constructed  for  other  physical  systems  governed  by  wave 
equations,  such  as  surface  waves  on  a  liquid  [31]  and  longitudinal  acoustic  waves 
[32],  [33], 

The  work  detailed  in  this  dissertation  deals  only  with  metamaterials  in  the 
microwave  band.  Metamaterials  for  applications  in  the  terahertz,  infrared,  and 
optical  bands  would  use  different  materials  and  fabrication  techniques  than  dis- 


8 


Inhomogeneous  field  interactions 
Homogenized  model:  €eff,  {ieff 


(b) 


Fig.  1.1:  (a)  The  electromagnetic  interactions  of  a  real  material  can  be  expressed 
in  terms  of  a  relative  er  and  / ir .  (b)  The  structures  that  compose  a  metamaterial, 
although  larger  than  the  molecular  and  atomic-scale  effects  of  a  real  material,  can, 
in  many  circumstances,  be  used  to  compute  an  averaged  electromagnetic  response 
and  the  assignment  of  an  effective  er  and  jir. 


cussed  here,  and  must  be  considered  separately.  Although,  to  a  basic  approxi¬ 
mation,  an  RF  metamaterial  could  be  simply  scaled  in  size  to  work  similarly  at 
either  extremely  short  or  very  long  wavelengths,  practical  considerations  prevent 
this  from  being  a  reasonable  design  strategy.  It  is,  in  general,  not  possible  to 
find  optical  materials  with  equivalent  properties  to  those  in  the  RF,  and  the  fab¬ 
rication  tolerance,  precision,  and  considerations  are  completely  different.  At  low 
frequencies  (below  several  hundred  megahertz),  the  size  of  the  unit  cells  becomes 
large,  and  it  becomes  physically  challenging  to  construct  an  electrically  large  meta¬ 
material  device.  The  microwave  frequency  range  is  convenient  for  metamaterials, 
and  tunable  metamaterials  in  particular,  since  the  length  scales  are  amenable  to 
standard  printed-circuit  board  fabrication  techniques,  and  measurements  may  be 
conveniently  performed. 

Although  academic  metamaterial  research  has  begun  recently  within  the  last 
10-15  years,  there  are  more  isolated  examples  of  metamaterial-like  devices  much 
earlier.  Wire-mesh  plasma  media,  which  can  be  considered  a  precursor  of  modern 
metamaterials,  were  introduced  as  grids  for  antenna  beam  collimation  by  W.  E. 
Kock  in  1946.  A  group  at  the  Stanford  Research  Institute  [34]  designed  and  con¬ 
structed  a  Luneburg  lens- type  device  from  a  wire-mesh  structure  in  1961.  Many 
metamaterial  applications  grew  out  of  advances  in  artificial  photonic  band-gap 
(PEG)  structures;  although  photonic  or  electromagnetic  band-gap  (EBG)  materi- 
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als  are  generally  not  considered  to  be  metamaterials,  there  are  similarities  in  their 
design  and  construction. 

The  Split  Ring  Resonator  (SRR)  was  introduced  by  Pendry  et.  al.  [35]  and 
almost  immediately  seized  upon  by  the  metamaterial  community  at  large  as  a  valu¬ 
able  building  block  for  the  creation  of  magnetic  metamaterials,  including  negative- 
index  (left-handed  materials)  [36],  [37]  and  zero-index  materials  [3].  Several  exam¬ 
ples  of  published  SRR  designs  are  included  in  Fig.  1.2. 

Although  the  SRR  is  the  probably  the  single  most  widely  used  metamaterial 
element,  it  is  only  used  as  a  magnetic-field-coupled  element.  One  common  electric 
metamaterial  element  is  the  Electric  LC  resonator  (ELC),  introduced  by  Schurig 
et.  al.  [38],  which  has  replaced  the  wire  mesh  medium  for  some  negative-index 
material  implementations  [37].  The  Complementary  SRR  (CSRR)  [39]  and  the 
volumetric  End-Loaded  Dipole  (ELD)  [17]  elements  are  also  electric-field  coupled 
elements.  These  elements  are  also  depicted  in  Fig.  1.2. 


<a)  m  (C)  (d)  {«>  <f)  (g) 


Fig.  1.2:  Various  metamaterial  unit  cell  designs  from  the  literature  (a)  Original 
Pendry  SRR  [35]  (b)  Schurig  SRR  [38]  (c)  Marques  SRR  [40]  (d)  CSRR  [39]  (e) 
Singlc-capacitor  ELC  [38]  (f)  Dual-capacitor  ELC  [37]  (g)  Volumetric  end-loaded 
dipole  [17] 


For  the  reconfigurable  lens  antenna,  a  near-zero  uniaxial  permeability  condition 
is  required,  for  which  an  SRR  array  modified  with  tuning  structures  is  well  suited. 
A  zero-permeability  lens  (rather  than  a  zero-permittivity  lens)  is  selected  so  that 
the  control  traces  inherent  to  such  a  tunable  design  would  minimally  interact  with 
the  desired  field  vector.  Although  the  SRR  has  been  primarily  presented  as  a 
negative-index  resonator,  Negative  Index  (  or  left-handed  )  metamaterials  (NIMs) 
will  also  possess  Low-Index  Metamaterial  (LIM)  properties  at  a  higher  frequency. 
While  NIMs  operate  in  the  resonance  region  where  the  permittivity  and  perme¬ 
ability  are  simultaneously  negative,  a  ZIM/LIM  implementation  will  function  in 
the  high-frequency  resonance  tail  near  the  zero-crossing  of  the  resonance,  where 


10 


the  absorption  losses  are  low  and  greater  bandwidth  is  achievable.  This  approach 
was  used  to  design  the  meta-liner  presented  in  [4]  to  achieve  octave  bandwidth  and 
negligible  loss,  as  well  as  for  the  design  of  a  broadband  TO  multi-beam  focusing 
lens  [3]. 

1.3  Transformation  Optics 

The  transformation  optics  (TO)  design  methodology  allows  for  unprecedented  flex¬ 
ibility  in  creating  new  electromagnetic  and  optical  devices.  Introduced  in  [14],  [41], 
the  technique  relies  on  the  form-invariance  of  Maxwell’s  equations  under  a  spatial 
coordinate  transformation.  Maxwell’s  equations,  when  evaluated  under  a  trans¬ 
formed  coordinate  system,  are  valid  and  their  solutions  can  be  interpreted  in  the 
original  coordinate  system  as  solutions  of  the  equations  with  permuted  material 
parameters  cr(x,y,z)  and  /Ir(a;, y,  z).  Given  a  desired  field  behavior  described  by 
a  coordinate  system  transformation,  the  permittivity  and  permeability  can  be  de¬ 
termined  for  a  physical  structure  within  which  the  waves  will  propagate  according 
to  the  transformation.  The  required  permittivity  and  permeability  are  computed 
as 
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where  A  is  the  Jacobian  matrix  corresponding  to  the  transformation  from  the 
uj—  to  the  2— domain  (the  transformed  domain).  The  permittivity  and  permeability 
gradients  in  the  transformation  medium  force  the  electromagnetic  fields  to  behave 
as  though  they  were  subject  to  the  desired  spatial  mapping. 

The  electromagnetic  cloak  is  one  of  the  most  well-studied  applications  enabled 
by  the  new  transformation  optics  techniques  [42]  [45].  but  other  novel  devices  have 
been  considered  including  beam  collimators  and  shapers,  field  concentrators,  and 
ideal  far-  and  near-field  focusing  lenses  [15],  [46] -[48].  A  specialization  of  the  near¬ 
field  focusing  lens  converts  a  diverging  cylindrical  wavefront  to  a  highly  directive 
collimated  plane- wave  beam  [3],  [18],  [49]. 
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Despite  the  recent  advances  in  metamaterial  design  and  synthesis,  most  of 
the  existing  transformation  optics  designs  remain  firmly  in  the  realm  of  academic 
exercises,  with  material  parameters  too  complex  to  implement  practically.  Appli¬ 
cations  of  the  transformation  optics  design  techniques  have  typically  led  to  highly 
anisotropic  and  inhomogeneous  solutions  for  the  required  permittivity  and  per¬ 
meability  of  a  device.  Some  papers  have  studied  the  effects  of  simplifying  the 
material  parameters  for  easier  fabrication,  such  as  the  electromagnetic  cloaks  ex¬ 
plored  in  [50],  [51  but  these  approximations  often  lead  to  significantly  degraded 
performance.  Another  approach  leverages  transformation  techniques  to  reduce  the 
size  of  simply-shaped  near-field  focusing  lenses  through  basic  transformations  that 
are  easier  to  implement  [52].  Others  have  chosen  quasi-conformal  or  conformal 
transformations  to  minimize  either  the  anisotropic  or  inhomogeneous  elements  of 
the  required  material  [51],  [53]  in  order  to  maximize  the  practicality  of  the  design. 

TO  designs  that  can  be  easily  constructed  using  simple  metamaterials  or  an  all¬ 
dielectric  gradient-index  (GRIN)  profile,  both  of  which  may  be  implemented  using 
current  technology  and  support  a  reasonable  bandwidth  of  operation,  are  possible 
in  some  cases  through  approximating  the  results  of  a  more  complex  transformation. 
However,  it  can  be  better  to  restrict  the  allowable  class  of  transformations  to  those 
that  naturally  create  the  desired  characteristics.  Using  a  conformal  or  a  quasi- 
conformal  mapping  (qTO)  as  the  transformation  instead  of  transforming  between 
arbitrary  coordinate  systems  as  allowed  by  the  general  TO  procedure  produces  a 
material  specification  that  may  be  implemented  by  an  all-dielectric  GRIN  device 
[54].  The  all-dielectric  GRIN  lenses  are  inherently  wideband,  unlike  metamaterial- 
based  approaches,  and  can  be  designed  such  that  any  material  dispersion  that  is 
present  is  used  to  perform  color-correction  for  a  wavelength-independent  response. 
Although  (quasi)-conformal  mappings  in  the  complex  plane  are  inherently  2D,  3D 
GRIN  lenses  may  also  be  designed  by  rotating  a  lens  profile  through  a  cylindrical 
region  or  stacking  the  gradients  of  multiple  qTO  mappings  in  sequence. 
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1.4  Metamaterial  and  Transformation  Optics-based 
Antennas 

A  variety  of  metamaterial-enhanced  antennas  have  been  introduced  in  the  litera¬ 
ture  with  a  number  of  interesting  features,  such  as  improving  bandwidth  [5],  in¬ 
creasing  gain  and  effective  area  [3],  [17],  reducing  undesired  inter-element  coupling 
[55],  and  reducing  the  antenna  profile  [56]  compared  to  more  conventional  im¬ 
plementations.  High-gain  small- volume  metamaterial  antennas  in  particular  have 
seen  many  successful  demonstrations.  For  high-gain  antenna  purposes,  most  lens 
designs  have  operated  in  the  low-index  or  near-zero-index  metamaterial  regime 
rather  than  rely  on  the  extremely  narrowband  negative-index  response  of  the  per¬ 
fect  optical  imaging  lenses.  The  zero-index  metamaterial  (ZIM)  lenses  have  broader 
bandwidth  than  might  be  expected  for  a  resonant  structure  because  the  devices  are 
tuned  to  operate  in  the  tail  of  the  resonance  where  the  slope  of  the  permeability 
or  permittivity  vs.  frequency  is  small.  The  selection  of  the  specific  ZIM  resonators 
can  assist  in  broadening  the  bandwidth,  as  well.  In  general.  ZIM-based  designs  use 
a  metamaterial  lens  or  superstate  above  or  surrounding  a  feed  antenna  in  order 
to  increase  the  effective  aperture  efficiency  and  thus  improve  the  gain.  In  this  way, 
the  application  of  metamaterials  allows  the  use  of  a  simpler  and  more  compact 
feed  antennas  which  in  other  circumstances  might  require  a  much  larger  aperture 
or  the  implementation  complexity  of  an  array. 

Examining  the  various  RF  lens  designs  that  make  use  of  uniaxial  metamaterials 
and  zero-index  materials  in  particular,  several  broad  categories  may  be  inferred; 
the  geometries  of  these  categories  are  illustrated  in  Fig.  1.3.  In  the  first  two 
cases,  the  antenna  is  embedded  in  the  metamaterial,  which  commonly  has  an 
homogeneous  or  graded  effective  low  index  of  refraction  or  behaves  as  an  artificial 
plasma  medium  [16],  [18],  [57]— [59].  Alternatively,  the  metamaterial  layer  or  slab 
may  be  used  as  a  collimating  superstate  placed  over  some  feed  antenna [60]— [64] 
(Fig.  1.3(c)).  All  methods  have  been  used  with  purely  metamaterial  or  FSS  designs 
as  well  as  with  the  general  inhomogeneous  TO  approach.  Most  of  the  antennas 
that  have  actually  been  constructed  use  homogeneous  materials,  or  at  least  roughly 
homogeneous  materials,  simply  for  simplicity  of  fabrication.  Of  course,  simulations 
are  not  limited  by  what  would  be  convenient  to  construct,  and  regularly  make  use 
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of  complex  anisotropic  and  inhomogeneous  materials. 


Planar  Radiation  Pattern,  Vertical  Radiation  Pattern, 

Vertical  Embedded  Feed  Perpendicular  External  Feed 


Fig.  1.3:  Illustration  of  three  categories  of  Uniaxial  ZIM  lens  antennas.  In  these 
antennas,  either  the  permeability  or  the  permittivity,  but  not  both,  are  near  zero 
and  are  uniaxial  with  the  optical  axes  aligned  as  indicated  by  the  arrows  drawn 
within  each  region,  (a)  Parallel  (in-planc)  optical  axis  to  direction  of  propagation 
and  planar  beamforming  with  a  vertical  feed;  radiation  pattern  controlled  by  opti¬ 
cal  axis,  (b)  Perpendicular  (out-of-plane)  optical  axis  to  direction  of  propagation 
and  planar  beamforming  with  a  vertical  feed"  radiation  pattern  controlled  by  shape 
of  ZIM  slab,  (c)  Parallel  (out-of-plane)  optical  axis  to  direction  of  propagation  and 
vertical  beamforming  with  a  horizontal  feed  and  ground  plane;  radiation  pattern 
controlled  by  optical  axis  and  feed  properties. 


Most  Transformation  Optics-based  collimating  lenses,  such  as  those  proposed 
by  Kwon  and  Werner  [llj,  [15],  [47],  [49],  [65],  will  demonstrate  extreme  inho- 
mogeneity  and  anisotropy  unless  specifically  designed  otherwise.  The  goal  of  the 
collimating  transformation  is  the  conversion  of  a  cylindrical  or  spherical  phase 
profile  to  a  planar  (or  nearly-planar)  phase  profile.  This  is  most  commonly  accom¬ 
plished  through  the  explicit  transformation  of  a  some  circular  or  spherical  surface 
to  a  planar  surface  and  applying  simplifications  to  the  resulting  material  map  to 
allow  fabrication  [6],  [18],  [49]. 

Uniaxial  near-zero-index  metamaterials  have  been  used  in  several  different  col¬ 
limating  lens  implementations.  Analyzed  as  a  homogeneous  slab  with  effective 
permeability  and  permittivity  extracted  from  the  unit  cell  response,  near-ZIM 
lenses  have  interesting  properties  for  antenna  design.  A  wave  propagating  inside 
an  isotropic  slab  with  near-zero  refractive  index  will  have  a  near-infinite  phase 
velocity  and  near-infinite  wavelength.  The  infinite  effective  wavelength  indicates 
that  the  behavior  of  a  device  of  any  finite  size  would  operate  in  a  quasi-static 
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way;  the  metamaterial  lens  itself  has  zero  effective  electrical  size,  and  the  phase 
is  uniform  within  the  structure  and  across  all  outer  faces.  The  uniform  phase 
across  the  surface  generates  radiating  plane  waves  at  each  surface,  resulting  in 
high-directivity  beams.  The  extreme  impedance  mismatch  between  such  a  mate¬ 
rial  slab  and  free  space  will  reduce  its  efficiency  as  an  antenna  unless  a  matched 
magneto-dielectric  metamaterial  or  some  other  impedance  matching  mechanism  is 
implemented,  however.  Isotropic  metamaterials  are  challenging  to  construct;  uni¬ 
axial  structures  are  much  more  convenient,  due  to  the  geometry  and  orientation 
of  most  common  resonant  unit  cells. 

Uniaxial  ZIM  metamaterials  are  typically  constructed  with  either  magnetic  [3]] 
or  electric  [7  resonators  to  minimize  the  fabrication  complexity,  but  occasionally 
both  [17],  [66]  are  required.  Mctamaterials  with  magnetic,  electric,  and  combined 
magneto-electric  near-zero  material  parameters  each  have  their  uses,  as  well  differ¬ 
ent  orientations  of  the  optical  axis.  Depending  on  the  orientation  of  the  incident 
waves,  the  effective  index  is  either  near-zero,  if  the  field  vector  is  aligned  with  the 
optical  axis  of  the  metamaterial,  or  near-free-space,  if  the  field  vector  is  normal  to 
the  optical  axis.  Such  metamaterial  slabs  offer  two  collimation  modes  for  meta- 
material  antennas.  The  first  (perpendicular  mode,  [13])  functions  the  same  as  the 
isotropic  lens  by  propagating  the  waves  in  the  plane  perpendicular  to  the  opti¬ 
cal  axis,  such  that  the  metamaterial  slab  behaves  as  a  ZIM.  The  second  (parallel 
mode)  propagates  the  wave  parallel  to  the  optical  axis,  such  that  the  waves  expe¬ 
rience  a  near-free-space  matched  index  and  are  unaffected  by  the  ZIM  properties. 
Waves  that  are  not  exactly  parallel  to  the  optical  axis  are  refracted  towards  the 
optical  axis  by  the  anisotropic  near-ZIM  component  of  the  slab,  demonstrating  a 
collimating  effect. 

When  considering  a  thin  slab  of  uniaxial  ZIM  embedded  in  free  space,  it  can 
be  analyzed  as  an  angular-selective  filter  -  plane  wave  components  at  near-normal 
incidence  are  transmitted,  but  waves  incident  at  angles  greater  than  some  cutoff  are 
reflected.  Lenses  operating  in  the  perpendicular  mode  will  use  an  embedded  feed 
antenna  to  reduce  the  effects  of  the  impedance  mismatch,  but  parallel-mode  lenses 
will  generally  have  an  acceptable  impedance  match  by  their  construction,  and  so 
operate  well  with  either  embedded  or  external  antennas,  behaving  respectively 
as  a  dielectric  resonator  or  a  collimating  dielectric  lens.  Uniaxial  ZIM  lenses  as 
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described  above  have  been  used  to  demonstrate  beamforming  in  high-directivity 
single-beam  end- fire  configurations  [7],  [17],  [66]  as  well  as  for  arbitrary  multi-beam 
operation  [6],  [13],  [67],  through  an  appropriate  choice  of  optical  axis  and  excitation 
polarization. 

Using  the  perpendicular  mode  for  beam  collimation,  where  the  optical  axis  is 
perpendicular  to  the  direction  of  wave  propagation,  allows  flexibility  in  selecting 
the  radiation  pattern  by  forming  a  one-to-one  mapping  between  the  geometry  or 
shape  of  the  lens  and  the  resulting  radiation  pattern.  However,  the  poor  impedance 
match  of  the  perpendicular  mode  can  limit  the  bandwidth  of  such  a  lens  due  to  the 
resonant  effects  required  to  achieve  radiation,  despite  the  wideband  near-zero-index 
metamaterial  properties. 

Directing  the  optical  axis  of  either  a  uniaxial  zero-permeability  or  zero-permittivity 
metamaterial  parallel  to  the  direction  of  wave  propagation  presents  a  good  impedance 
match  to  the  feed  antenna  [3],  [6],  [7].  Combining  both  zero  permeability  and  per¬ 
mittivity  enhances  the  off-axis  performance  of  the  lens  to  form  more  better  beams 
when  used  with  symmetric  feeds,  and  enables  use  as  a  superstate  antenna  over 
multiple  polarizations,  forming  a  Fabry-Perot  cavity  [17],  [68].  These  metamaterial 
lenses  can  operate  over  relatively  wide  bandwidths  of  20%  or  more,  based  on  the 
inherent  wideband  properties  of  near-zero  index  materials  and  the  near-matched 
index  of  the  metamaterial,  which  prevent  the  need  for  strong  resonance  effects  for 
efficient  operation. 

Out  of  the  described  options,  only  the  antenna  with  excitation  polarization 
parallel  to  the  optical  axis  is  suitable  as  the  base  design  for  a  reconfigurable  planar- 
beamforming  lens.  Unlike  the  first  and  third  examples  from  Fig.  1.3,  only  the 
second  option  has  complete  control  over  the  in-plane  radiation  pattern  merely  by 
altering  the  shape  of  the  homogeneous,  uniaxial  slab  [13].  Although  deforming  the 
physical  lens  in  real  time  without  perturbing  the  refractive  index  is  not  practical, 
the  same  effect  can  be  achieved  by  altering  the  effective  medium  properties  of 
subregions  of  the  lens.  Switching  subregions  between  low-  and  high-index  states 
changes  the  effective  shape  of  the  ZIM  lens,  enabling  beam  scanning.  Conveniently, 
this  scanning  approach  allows  each  unit  cell  to  be  switched  in  a  binary  fashion 
between  two  states.  Control  over  the  material  properties  in  continuous  or  any 
more  granular  fashion  would  require  a  higher  degree  of  tuning  and  bias  signal 
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complexity. 

Array  antennas  do  have  an  advantage  in  that,  with  the  addition  of  phase  and 
magnitude  control  circuitry  to  the  feed  lines,  the  radiation  patterns  can  be  reconfig¬ 
ured  for  nearly  arbitrary  beam  scanning.  The  radiation  patterns  of  the  previously 
introduced  metamaterial  antennas  are  fixed  during  design,  with  no  capability  for 
dynamic  reconfigurability.  This  limitation  restricts  the  possible  applications  for 
which  these  metamaterial  antennas  may  be  targeted. 

1.5  Original  Contributions  of  This  Work 

The  original  contributions  of  this  work  to  the  fields  of  electromagnetics,  metama¬ 
terials,  and  reconfigurable  antennas  are  described  in  the  following  list. 

•  Designed  a  volumetric  reconfigurable  metamaterial  unit  cell  that  is  capa¬ 
ble  of  being  tiled  to  form  an  arbitrarily-sized  metamaterial  panel  without 
detrimental  effects  due  to  the  tuning  and  control  circuitry. 

•  Studied  different  options  for  distributing  control  signals  for  a  spatially-reconfigurable 
volumetric  metamaterial. 

•  Modeled  and  confirmed  behavior  of  metamaterial  with  all  control  and  biasing 
circuitry. 

•  Measured  the  behavior  of  the  metamaterial  unit  cells  with  included  control 
and  biasing  networks. 

•  Created  control  circuitry  for  independent  spatial  control  over  the  state  of 
each  metamaterial  unit  cell. 

•  Integrated  metamaterial  and  system-level  constraints  to  produce  design  syn¬ 
thesis  rules  for  spatially-reconfigurable  metamaterial  lens  antennas. 

•  Developed  design  for  azimuthally-scanning  electrically-controlled  metamate¬ 
rial  lens  antenna. 


•  Extended  lens  antenna  design  to  support  elevation-plane  scanning  with  mul¬ 
tiple  uniform  phase  and  magnitude  feeds. 


Chapter 


Reconfigurable  Metamaterial  Lens 
Antenna 


Extending  the  previously  mentioned  metamaterial  antennas  through  the  use  of  a 
switchable  or  tunable  metamaterial  can  allow  for  a  beam-scanning  antenna  sys¬ 
tem.  Such  a  structure  may  be  implemented  as  a  cylindrical  anisotropic  near- 
zero-index  metamaterial  (ZIM)  slab  in  which  regions  of  the  slab  may  be  inde¬ 
pendently  switched  from  ZIM  back  to  dielectric  or  near-free-space  properties.  A 
uniaxial  zero-index  metamaterial  (ZIM)  slab  can  collimate  energy  from  an  embed¬ 
ded  source  when  the  E-field  (H-field)  is  polarized  parallel  to  the  zero-permittivity 
(zero-permeability)  optical  axis  13],  [69],  [70].  In  this  collimation  mode,  only  the 
shape  of  the  slab  and  the  relative  position  of  the  feed  to  the  face  determine  the 
number,  relative  magnitude,  and  direction  of  the  beams.  Contrasted  with  the  par¬ 
allel  ZIM  collimation  mode,  where  the  direction  of  the  optical  axis  determines  the 
direction  of  radiated  energy,  the  perpendicular  mode  is  more  flexible  for  construc¬ 
tion  of  a  reconfigurable  lens,  as  illustrated  in  Fig.  2.1.  Single-dimensional  control 
(effective  index  magnitude)  is  simpler  to  achieve  than  dual-axis  control  (direction 
of  optical  axis  in  the  plane). 

As  described  in  [13],  the  physical  shape  in  the  azimuthal  plane  of  a  uniaxial 
ZIM  slab  determines  the  resulting  radiation  pattern,  as  a  single  high-directivity 
beam  will  be  radiated  from  each  face  of  the  lens.  Wider  faces,  as  they  present  a 
larger  aperture,  produce  a  higher-directivity  beam.  In  addition,  the  beam  strength 
from  each  face  is  inversely  proportional  to  the  relative  distances  of  the  faces  from 
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the  feed  point.  Changing  the  effective  shape  of  the  lens  by  switching  the  material 
state  of  specific  regions  so  as  to  change  the  location  and  length  of  the  facets  of  the 
near-zero-index  slab  then  changes  the  radiation  pattern. 

This  chapter  focuses  on  the  design  of  the  metamaterial  lens  itself,  and  as¬ 
sumes  the  use  of  homogeneous  effective  material  parameters  in  simulations  and 
analyses.  Since  the  exact  rnetamaterial  design  affects  the  lens  specification  and 
vice  versa,  some  of  the  metamaterial  design  characteristics  and  considerations 
are  briefly  described  or  summarized  in  this  chapter.  A  detailed  discussion  of  the 
spatially-reconfigurable  metamaterial  design  and  related  considerations  is  included 
in  Chapter  3. 


Parallel  ZIM  Collimation  Perpendicular  ZIM  Collimation 


Fig.  2.1:  (a)  The  parallel  ZIM  collimation  mode  requires  the  direction  of  the  optical 
axis  to  be  changed  (c)  in  order  to  change  the  direction  of  beam  propagation, 
requiring  two  dimensions  of  control  over  the  index,  (b)  The  perpendicular  ZIM 
mode  requires  only  an  on-off,  one-dimensional  control  over  the  index  (d)  to  change 
the  shape  or  boundary  contour  of  the  lens  in  order  to  change  the  radiation  pattern. 


19 


2.1  qTO-derived  near-ZIM  lens 


The  lens  design  begins  with  the  near-zero-index  uniaxial  TM-mode  lens  introduced 
in  [13]  (Fig.  2.2  and  Fig.  2.3).  This  lens  used  an  electric  near-ZIM  implemented  by 
a  wire-mesh  metamaterial  with  a  single  dipole  feed.  For  this  lens,  the  extraordinary 
axis  of  the  metamaterial  is  oriented  in  the  z-direction,  parallel  to  the  E-field  and 
normal  to  the  direction  of  wave  propagation.  For  single-polarization  operation, 
waves  in  the  material  behave  as  though  the  structure  is  isotropic.  The  number 
and  relative  magnitude  of  the  beams  are  determined  by  the  shape  of  the  lens;  a 
beam  radiates  from  each  planar  face  of  the  lens.  The  possible  radiation  patterns 
using  this  lens  design  principle  are  shown  in  Fig.  2.2  and  Fig.  2.3,  and  a  rendered 
diagram  of  the  zero-permittivity  plasma-type  wire- mesh  metamaterial  lens  is  shown 
in  Fig.  2.4. 


Fig.  2.2:  Changing  the  lens  dimensions  changes  the  radiation  pattern. 


Fig.  2.3:  A  beam  is  radiated  from  each  face  of  the  structure.  Sufficiently  large 
lenses  can  successfully  resolve  beams  at  small  angular  increments. 
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<a>  (b) 

Fig.  2.4:  Early  simulation  of  a  wire-inesh  dipole  array  near-zero  index  metamaterial 
lens. 


As  discussed  previously,  the  lenses  in  Fig.  2.2  and  Fig.  2.3  have  a  radiation  pat¬ 
tern  that  is  fixed  at  design  time,  but  the  design  concept  may  be  extended  to  allow 
reconfigurability.  Instead  of  changing  the  physical  shape  of  the  lens  to  control  the 
beams,  a  reconfigurable  metaniaterial  could  be  used  to  change  the  effective  shape 
of  the  lens.  ZIMs  are  narrowband  (although  quite  broadband  when  considering 
other  metamaterial  structures),  resonant  metamaterials;  a  small  change  in  an  in¬ 
ternal  impedance  of  the  unit  cell,  perhaps  caused  by  a  state  change  in  a  MEMS 
switch  or  varactor  diode,  is  capable  of  shifting  the  resonance  frequency  away  from 
the  lens  operational  band  so  that  the  metamaterial  behaves  in  a  quasi- free-space 
mode.  Selectively  switching  exterior  regions  of  the  lens  ’on5  and  'off’  between  ZIM 
and  near-free-space  conditions  changes  the  effective  shape  of  the  ZIM  subregion 
of  the  lens  and,  thus,  the  number  and  magnitude  of  the  beams,  as  illustrated  in 
Fig.  2.5  [69].  In  this  example,  a  switch  is  opened  in  the  middle  of  each  wire-mesh 
unit  cell  m  an  outer  rectangular  region  of  the  lens  to  eliminate  the  ZIM  resonance, 
thus  creating  a  face  closer  to  the  feed  of  the  lens  and  enhancing  the  radiation  from 
that  face  compared  to  the  other  sides.  With  a  dynamically-switchable  z-oriented 
anisotropic  ZIM  metamaterial  controlled  in  real  time,  only  on/off  control  for  each 
pixel  of  the  lens  is  required  to  allow  completely  dynamic  control  of  the  effective 
lens  shape. 

A  cylindrical  slab  composed  of  a  reconfigurable  metamaterial  that  may  be 
switched  between  near-free-space  and  near-ZIM  conditions  is  ideal  for  a  dynami¬ 
cally  controlled  lens,  since  the  symmetry  of  the  structure  allows  equivalent  oper- 
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Fig.  2.5:  Introducing  an  switch  into  the  metamaterial  array  and  opening  the  switch 
in  different  regions  of  the  metamaterial  successfully  reconfigures  the  radiation  pat¬ 
tern. 


ation  in  any  direction.  The  diagram  in  Fig.  2.6  shows  the  tuning  concept  for  a 
cylindrical  lens,  which  with  a  spatially  reconfigurable  metamaterial  may  be  set  to 
generate  one,  two.  or  more  independent  beams. 


Fig.  2.6:  Using  a  cylindrical,  reconfigurable  ZIM  slab  allows  for  beam  scanning. 


2.2  Cylindrical  magnetic  lens 

When  using  a  lens  with  finite  thickness  (instead  of  the  infinite  thickness  assumed  by 
2D  simulations  [17],  [68])  then  the  lens  becomes  a  dielectric  resonator  that  requires 
the  dimensions  and  exact  value  of  permeability  or  permittivity  to  be  selected  to 
promote  a  radiating  mode  rather  than  an  internally  resonant  mode.  Some  choices  of 
dimensions  (rji)  and  material  parameters  will  produce  a  non-radiating  dielectric 
resonator  instead  of  an  antenna,  but  these  modes  may  be  eliminated  through 
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proper  design.  Fig.  2.7  shows  the  difference  between  these  two  modes;  the  two 
field  plots  show  the  effects  of  small  changes  in  geometry  (the  radius  and  thickness 
of  the  lens  in  Fig.  2.7(b)  are  7%  larger  than  those  in  Fig.  2.7(a)).  The  physical 
change  in  dimensions  can  also  be  interpreted  as  a  change  in  frequency,  which  affects 
the  available  operational  bandwidth  of  the  antenna  independent  of  any  dispersion 
in  the  material  properties.  The  dimensions  for  a  radiating  mode  are  dependent  on 
the  material  geometry  and  the  effective  material  parameters  of  the  metamaterial 
in  both  on  and  off  states:  as  the  effective  index  increases  significantly  above  zero, 
the  behavior  of  the  lens  degrades.  Larger  lenses  that  provide  higher  directivities 
also  require  that  the  refractive  index  remains  small  throughout  the  operating  band. 
This  places  an  effective  limit  on  the  usable  bandwidth  of  the  lens,  due  to  the  index 
dispersion  of  the  metamaterial.  PEC  plates  are  required  at  the  top  and  bottom  of 
the  lens  to  form  an  additional  mode  constraint  against  the  parallel  ZIM  collimation 
mode  which  would  generate  strong  axially-directed  beams,  as  illustrated  in  Fig.  2.9. 
These  geometrical  constraints  on  the  size  of  the  lens  for  good  operation  at  a  given 
frequency,  along  with  the  narrow  bandwidth  of  a  metamaterial  implementation, 
will  limit  the  overall  operating  bandwidth  of  the  reconfigurable  lens. 

Resonant  Mode 


(a)  (b) 

Fig.  2.7:  Magnitude  plots  of  the  fields  within  finite  reconfigurable  ZIM  lenses  with 
PEC  top  and  bottom  plates  (Fig.  2.9)  and  (a)  dimensions  are  selected  to  create  an 
internally  resonant  mode,  (b)  dimensions  are  selected  to  create  a  radiating  mode. 


2.2.1  Material  Parameters 

For  the  purposes  of  design  using  a  bulk  metamaterial  lens  simulation,  some  as¬ 
sumed  material  parameters  must  be  selected.  The  uniaxial,  dispersive  permittivity 
and  permeability  used  in  the  selection  of  the  appropriate  lens  dimensions  and  in 
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simulations  are  provided  in  (2.1)  and  (2.1),  where  pZ2(/)  in  the  on  and  off  states 
is  defined  in  Fig.  2.8. 
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Nominal  Reconfigurable  Metamatcrial  States 


Frequency  [GHz] 

Fig.  2.8:  Extraordinary  uniaxial  component  of  permeability  used  in  lens  simula¬ 
tions  for  the  on  and  off  states. 


2.2.2  Design  Process 

Designing  the  lens  by  parameter  study  has  been  the  most  effective  technique.  The 
maximum  refractive  index  is  specified  bv  the  expected  metamaterial  dispersion, 
and  selecting  a  desired  directivity  drives  the  initial  selection  of  the  radius  and 
thickness  of  the  lens  to  meet  the  required  aperture  size.  Initial  simulations  are 
performed  with  non-dispersive  material  properties  until  the  resonance  is  located 
at  the  operational  frequency,  at  which  time  the  dispersive  materials  may  be  applied 
to  gauge  the  effect  on  operational  bandwidth,  radiation  pattern,  and  impedance 
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characteristics.  The  lens  height  and  radius  are  then  adjusted  together  until  a  rea¬ 
sonable  operating  mode  is  achieved,  considering  the  input  impedance,  radiation 
pattern,  and  the  bandwidth.  Operational  bandwidth  of  the  reconfigurable  meta¬ 
material  lens  antenna  is  not  expected  to  be  large  since  the  desired  behavior  is  only 
available  by  overlapping  multiple  narrowband  physical  effects  (dielectric  resonator, 
feed  antenna,  dispersive  material).  A  possible  improvement  to  the  bandwidth  may 
be  achieved  by  allowing  tuning  of  the  metamaterial  ZIM  band  across  the  lens  via 
the  externally-applied  global  bias  levels;  the  instantaneous  bandwidth  would  re¬ 
main  narrow,  but  the  channel  frequency  could  be  shifted  within  a  more  reasonable 
range. 

A  spatially-tunable  metamaterial  implemented  using  printed  circuit  board  (PCB) 
technology  will  require  interconnections  and  control  signals  passing  between  unit 
cells  as  electrically  long  traces,  complicating  the  design  of  the  metamaterial.  Any 
extraneous  metal  within  the  lens  will  tend  to  distort  the  local  fields  and  possibly 
degrade  the  quality  of  the  desired  focusing  effect.  To  minimize  the  effects  of  the 
control  traces,  this  lens  uses  magnetic  metamaterial  and  magnetic  dipole  feed,  the 
dual  design  to  the  previously  proposed  reconfigurable  structure  [13].  The  effects  of 
the  magnetic  metamaterial  will  be  less  affected  by  the  long,  electrically-connected 
traces,  which  would  primarily  affect  the  electric  field.  Simulations  of  the  lens  can 
use  an  electrically-small  loop  as  an  approximation  to  a  magnetic  dipole  source,  but 
the  final  lens  will  employ  an  efficient  TE10  source,  such  as  the  electrically-small 
magnetic  dipole  antennas  introduced  in  [71],  L72]  or  a  magnetic  slot  antenna. 


Fig.  2.9:  (a)  Model  illustrating  lens  construction  using  tunable  ZIM  slab  with  PEC 
plates  at  top  and  bottom,  (b)  Directive  fan-shaped  radiation  pattern  [dB]  for  r  = 
1.8A,  h  =  0.48A,  and  d  =  0.6A. 
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2.2.3  Excitation  Considerations 

The  reconfigurable  lens  antenna  in  the  perpendicular  mode  requires  that,  the  exci¬ 
tation  be  aligned  with  the  optical  axis  of  the  metamaterial.  For  a  magnetic  meta- 
material,  a  vertically-polarized  magnetic  dipole  source  is  required.  When  using 
the  vertically-polarized  magnetic  field  with  a  vertically-oriented  magnetic  current 
excitation,  image  theory  allows  the  insertion  of  a  vertical  ground  plane  through  the 
middle  of  the  lens  without  changing  the  lens  behavior.  Using  a  half-cylindrical  lens 
rather  than  a  full  cylinder  restricts  the  beam  scanning  range,  but  also  simplifies  the 
construction  and  implementation  details  for  the  metamaterial  as  well  as  the  feed 
antenna.  An  additional  approximation  may  be  made  for  the  sake  of  simpler  design 
by  replacing  the  half-cylinder  by  a  half-hexagon.  A  hexagonal  (or  half-hexagonal) 
outline  is  convenient  for  unit  cells  in  a  periodic  hexagonal  close-pack  arrangement, 
and  is  an  acceptable  approximation  to  the  symmetric  cylindrical  lens.  Nominal  de¬ 
vice  geometries  of  a  full  cylindrical  lens,  half-cylindrical  lens,  and  lialf-hexagonal 
lens  are  illustrated  in  Fig.  2.10.  Representative  radiation  patterns  using  the  dis¬ 
persive,  anisotropic  material  parameters  defined  above  at  different  scanning  angles 
from  the  half-hexagonal  lens  (Fig.  2.10(c))  are  shown  in  Fig.  2.11. 

2.2.4  Metamaterial  Selection 

Dynamic,  non-passive  non-mechanical  spatial  control  over  the  material  proper¬ 
ties  is  the  largest  challenge  for  the  implementation  of  a  reconfigurable  volumetric 
metamaterial,  since  the  control  circuits  cannot  be  simply  hidden  behind  a  ground 
plane,  as  for  a  reconfigurable  metasurface  or  reflective/absorptive  FSS.  Since  the 
metallic  control  traces  will  affect  the  response  in  any  case,  the  metamaterial  must 
be  designed  so  as  to  minimize  their  effects  on  its  desired  operation.  The  use  of  a 
magnetic  metamaterial  simplifies  the  design  of  the  reconfigurable  elements,  since 
planar  loops  may  be  created  using  printed  circuit  board  (PCB)  technology.  Using 
an  array  of  split-ling  resonators  (SRR)  where  RF  switches  are  placed  in  the  gaps 
and  controlled  by  an  array  of  shift  registers  creates  a  metamaterial  that  can  be 
spatially  tuned.  The  spatial  reconfiguration  requires  that  control  traces  propagate 
throughout  the  lens  to  distribute  data  and  power  to  the  control  circuits  and  set 
the  metamaterial  state  at  all  locations  within  the  lens.  The  switch  properties  and 
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Fig.  2.10:  (a)  Cylindrical  lens  magnetic  loop  feed  with  360  degree  azimuthal  cover¬ 
age.  Restricting  180  degrees  of  azimuthal  scanning  allows  reduction  of  the  design 
to  either  a  (b)  half-cylindrical  lens  with  magnetic  slot  feed  or  a  (c)  half-hexagonal 
lens  with  magnetic  slot  feed. 
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Fig.  2.11.  Representative  three-dimensional  gain  patterns  at  2.7375  GHz  of  the 
reeonfigurable  lens  steered  to  (a)  0  =  Odeg,  $  =  30  deg,  and  —  60  deg.  Each 
example  shows  a  narrow,  high-directivity  beam  centered  at  the  desired  scanning 
angle,  with  a  broad- fan- shaped  elevation-plane  pattern. 


SRR  dimensions  are  chosen  to  induce  a  strong  magnetic  resonance  just  below  the 
desired  operating  band  when  the  varactor  is  in  one  state  and  to  eliminate  the  res¬ 
onance  for  the  other.  Operating  at  a  frequency  just  above  the  resonance  yields  a 
low-index,  near-ZIM  effective  medium  due  to  the  Lorenzian  permeability  response 
of  the  SRR.  A  metamaterial  prototype  satisfying  these  requirements  is  described 
below. 

An  array  of  wire  loops  loaded  with  lumped  capacitance  or  inductance  in  the 
plane  of  the  lens  produces  a  magnetic  response  that  may  be  trimmed  to  resonance 
by  the  loop  dimensions,  substrate  properties,  and  lumped  element  values.  It  is 
desirable  for  the  number  of  lumped  elements  in  the  design  and  the  control  traces 
to  be  minimized  to  reduce  their  effect  on  the  metamaterial  response. 

2.2.5  Control  Signal  Distribution  Topology 

A  hexagonal  spiral  control  signal  topology  was  selected  over  several  competing 
topologies  for  distributing  the  required  control  signals  throughout  the  lens  based 
on  several  design  constraints.  These  design  constraints  are  specifically  based  on 
metamaterial  implementations  in  the  low  microwave  range  (1-4  GHz)  that  assume 
self-contained  planar  metamaterial  panels  with  some  small  number  of  control  signal 
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inputs,  where  feature  sizes  in  the  design  are  limited  by  standard  planar  PCB 
manufacturing  capabilities.  At  lower  frequencies  (100-500  MHz),  where  individual 
unit  cells  may  be  several  centimeters  large,  then  the  relative  size  of  the  control 
traces  becomes  small  relative  to  the  metamaterial,  and  many  of  these  constraints 
may  be  weakened.  At  higher  frequencies,  different  fabrication  techniques  may  be 
necessary,  which  also  changes  the  possible  trace  sizes,  switching  methods,  and 
materials.  The  ultimate  constraint  on  the  control  circuitry  is  that  it  minimally 
affect  the  desired  metamaterial  response  and  that  all  unit  cells  throughout  the 
lens  be  tunable.  That  constraint  may  be  decomposed  into  the  following  more 
specific  requirements: 

•  Minimize  the  number  of  control  traces  and  the  PCB  area  which  they  cover 

•  The  control  signal  distribution  topology  should  be  as  homogeneous  as  possi¬ 
ble,  so  that  the  number  of  special-case  unit  cells  to  be  designed  and  imple¬ 
mented  are  minimized. 

•  The  board  area  and  number  of  components  used  by  the  control  circuitry 
should  be  minimized. 

•  The  effect  of  the  control  circuitry  on  the  beamforming  should  be  independent 
of  the  direction  or  magnitude  of  beam  scanning. 

•  The  control  traces  must  reach  every  unit  cell  in  the  lens. 

•  The  control  signal  topology  must  be  extendable  for  simple  construction  of 
different-sized  reconfigurable  metamaterial  slabs. 

Several  options  or  general  design  strategies  may  be  applied  to  ensure  that  these 
constraints  may  be  met.  The  requirement  for  the  control  traces  reaching  every  unit 
cell  implies,  combined  with  the  requirements  for  homogeneous  topology  and  min¬ 
imal  control  trace  area,  that  some  form  of  sparse,  space-filling  curve  is  required. 
Sharing  control  circuitry  between  adjacent  unit  cells  as  much  as  possible  also  re¬ 
duces  the  required  trace  density  over  the  case  where  each  unit  cell  has  independent 
circuits. 
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Considering  a  Cartesian  distribution  of  unit  cells,  as  in  the  conventional  meta- 
material,  leads  to  a  rectangular  grid  or  table  configuration  of  control  signals;  how¬ 
ever,  such  a  situation  does  not  allow  for  a  cylindrical  (or  other  non-rectangular) 
lens  to  be  easily  constructed  as  there  is  no  logical  control  signal  path  that  allows  for 
near-isotropic  behavior,  and  such  a  situation  would  not  appear  isotropic  for  beam 
scanning  in  different  directions  away  from  ninety-degree  increments.  A  cylindrical 
lens  with  Cartesian  unit  cell  distribution  is  illustrated  in  Fig.  2.12(a). 

Several  options  appear  when  considering  a  distribution  of  unit  cells  in  polar 
coordinates,  including  radial  and  spiral  control  traces. 

Radially-propagating  TER/TMR  waves  in  cylindrical  coordinates  have  no  field 
components  in  the  radial  direction,  which  would  imply  that  radially-directed  wires 
for  control  traces  would  not  greatly  affect  the  beam  propagation.  However,  the 
goal  of  the  cylindrical  lens  is  to  convert  from  a  cylindrically-propagating  wave  into 
a  plane  wave,  which  is  no  longer  TER/TMR  at  all  locations  within  the  lens.  A 
radial  control  signal  distribution  also  presents  logistical  problems  with  the  varying 
unit  cell  densities;  it  is  not  possible  for  a  single  radial  control  line  to  give  control 
signals  to  all  unit  cells  within  any  finite  angular  sector  for  an  arbitrarily-size  lens. 
For  this  reason,  the  number  of  control  traces  would  increase  rapidly  for  larger 
lenses,  and  the  control  trace  density  would  be  much  greater  at  the  center  than 
the  outside  of  lens,  affecting  the  homogeneity  of  the  metamaterial  response.  For 
these  reasons,  radially-directed  control  traces  were  not  considered  further;  such  a 
configuration  is  shown  in  Fig.  2.12(b). 

Cylindrically-distributed  unit  cells  can  be  uniform,  but  not  periodic.  As  illus¬ 
trated  in  Fig.  2.12(c),  such  a  configuration  is  possible,  but  requires  out-of-plane 
wiring  or  jumps  between  rings  to  introduce  the  control  signals  throughout  the  lens. 

Control  traces  that  form  a  spiral  space-filling  curve  around  the  lens  have  sev¬ 
eral  desirable  features  for  construction  of  a  control  system  for  a  reconfigurable 
metamaterial  slab.  Although  such  traces  are  tangential  to  the  wave  propagation 
and  guaranteed  to  interact  with  either  the  electric  or  magnetic  field,  they  have 
the  advantage  of  at  least  approximate  rotational  symmetry;  beams  directed  in  any 
direction  through  a  cylindrical  lens  would  see  approximately  the  same  environ¬ 
ment,  as  far  as  the  control  traces  are  concerned.  Logarithmic  spirals,  similarly  to 
radial  distributions,  don’t  allow  for  uniform  unit  cell  distributions  throughout  the 
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lens  due  to  the  nonequal  spacing  between  the  spiral  arms.  Archimedean  spirals 
may  be  selected,  however,  that  have  uniform  spacing  between  adjacent  lines,  so 
that  unit  cells  throughout  the  lens  could  be  nearly  identical  and  approximately 
uniformly  distributed.  Using  an  Archimedean  spiral  would  allow  equi-spaced  unit 
cells  throughout  the  lens.  In  either  case,  a  spiral  would  require  the  curvature  of 
the  control  traces  within  each  unit  cell  to  be  adjusted  based  on  the  radial  distance 
of  each  unit  cell  from  the  origin,  making  the  design  more  complex.  Fig.  2.12(d) 
and  Fig.  2.12(e)  show  spiral  unit  cell  distribution  patterns. 


Fig.  2.12:  (a)  Unit  cells  distributed  in  a  Cartesian  grid  do  not  have  a  logical 
and  extendable  control  signal  distribution  method,  (b)  Radially-directed  control 
signals  cannot  be  used  to  control  uniformly-distributed  unit  cells,  (c)  circular 
control  traces  are  possible,  but  signals  must  be  introduced  independently  to  each 
closed  ring,  (d)  Care  must  be  taken  with  any  spirals  to  be  sure  that  uniformly- 
spaced  unit  cells  may  be  implemented.  Logarithmic  spirals,  in  particular,  leave 
nonuniform  gaps  between  adjacent  lines  (e)  Carefully-designed  Archimedean  spirals 
can  construct  uniform  distributions  of  unit  cells,  but  in  this  configuration,  no 
sharing  of  control  circuitry  is  possible,  and  control  traces  are  relatively  dense. 
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The  hexagonal  spiral  is  the  best  implementation.  It  ha s  the  advantages  of  the 
spiral  curves  over  Cartesian  or  radial  unit  cell  and  control  signal  distributions  in 
that  chained  hexagons  can  be  treated  as  a  space-filling  curve  with  one  or  a  low 
number  of  starting  points.  The  advantage  over  logarithmic  or  constant-curvature 
spirals  is  that  the  distribution  of  unit  cells  when  tiled  hexagonally  is  uniform  and 
periodic,  although  non-rect angular.  Only  two  unit  cells  are  required  to  be  designed: 
a  hexagonal  element  with  parallel  input  and  output  signal  lines,  and  a  hexagonal 
element  with  input  and  output  signal  lines  offset  by  60  degrees.  Finally,  multiple 
unit  cells  (six  is  a  logical  choice  for  a  hexagon)  may  be  grouped  to  form  a  single 
hexagon  and  share  some  of  their  control  and  switching  circuitry,  thus  reducing  the 
relative  percentage  of  the  board  consumed  by  control  circuitry  relative  to  that  used 
by  metamaterial.  The  hexagonal  design  pattern  is  shown  in  Fig.  2.13. 

Since  each  ring  resonator  should  be  independently  controlled  and  addressable, 
using  an  array  of  shift  registers  treated  as  a  series-to-parallel  converter  is  a  good 
implementation  choice.  The  resonators  with  their  associated  switches  were  grouped 
into  hexagons  in  sets  of  six  to  share  an  8-bit  shift  register,  of  which  1  bit  is  unused, 
and  1  bit  serves  as  the  input  to  the  next  cascaded  unit  cell.  The  hexagonal  unit 
cells  (hexes)  were  cascaded  in  a  hexagonal  spiral  in  order  to  provide  power,  data, 
and  clock  lines  to  each  unit  cell.  In  this  configuration,  every  loop  is  individually 
addressable  to  allow  for  arbitrary  tuning  of  the  effective  shape  of  the  lens.  Fig.  2.13 
shows  the  design  concept  of  hexagonal  groups  of  split-ring  resonators  tiled  into  a 
spiral  for  propagating  control  and  data  signals  throughout  the  lens. 

2.3  Possible  Feed  Antennas 

The  original  ZIM  lens  examples  used  an  electric  dipole  or  monopole  source  with 
a  Z-oriented  wire  mesh  electric  metamaterial  that  was  infinitely  periodic  in  the 
vertical  direction.  A  magnetic  metamaterial  and  feed  antenna  were  chosen  as  the 
most  practical  solution  for  a  tunable  lens,  since  the  magnetic  field  would  not  be 
as  affected  by  extraneous  control  traces  as  would  an  electric  metamaterial.  The 
topology  of  typical  magnetic  metamaterials  is  more  convenient  for  manufactur¬ 
ing,  as  well,  since  a  Z-oriented  magnetic  metamaterial  may  be  constructed  using 
continuous,  horizontal  PCB  panels,  without  the  requirement  for  wine-crate- type 
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Fig.  2.13:  Preliminary  vision  for  lens  metamaterial  implementation  (a)  Straight 
and  (b)  angled  hex  cell  designs,  (c)  Hexagonal  unit  cell  tiling  as  an  approximation 
to  a  circular  cylinder,  (d)  Dual-loop  stacked  SRR  with  common-cathode  varactor, 
(e)  Hex  unit  cell  model  with  control  traces  included. 
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Fig.  2.14:  Operation  of  hexagonal  unit  cells  with  shift  registers  for  controlling 
split-ring  resonator  states. 


33 


assembly  and  more  complex  control  circuitry  as  would  be  necessary  for  an  electric 
metamaterial  implementation. 

An  elect  rically-small  electric  dipole  radiates  a  TM-mode  wave.  An  equivalent 
magnetic  antenna  would  radiate  a  TE-mode  wave.  The  typical  example  of  a  mag¬ 
netic  dipole  antenna  would  be  the  electrically-small  loop,  but  these  are  inefficient 
and  difficult  to  feed  properly.  Homogeneous  lens  simulations  performed  in  HFSS 
have  used  a  simple  electrically-small  magnetic  loop  antenna  placed  in  a  small  air 
cavity  as  the  feed,  which  is  simple  to  model  but  a  very  poor  radiator  with  low 
efficiency,  and  only  serves  as  a  loose  approximation  to  a  magnetic  dipole  antenna. 
Electrically  larger  loops  do  not  have  a  magnetic  dipole  pattern,  since  phase  varia¬ 
tions  will  be  present  over  the  loop  and  directional  radiation  will  occur.  The  radius 
of  a  loop  antenna  must  be  less  than  A/6  (  6  mm  @  2.4  GHz  )  to  maintain  a 
primarily  magnetic-dipole  pattern,  and  although  the  radiation  resistance  and  ra¬ 
diation  efficiency  may  be  increased  by  using  a  multiple-turn  loop  or  a  ferrite  core, 
these  options  also  increase  the  winding  resistance  and  loss  of  the  antenna.  The 
only  redeeming  factor  of  the  electrically-small  loop  for  simulations  is  the  modeling 
simplicity.  However,  this  low-efficiency  antenna  would  be  replaced  in  a  prototype 
lens  by  a  more  efficient  and  flexible  TE-mode  magnetic  dipole  antenna  such  as  the 
Folded  Slotted  Spherical  Helix[71  .  Spherical  Split-Ring  antenna  72]  or  an  aperture 
slot  antenna  [73]. 

The  Spherical  Split-Ring  (SSR)  antenna  consists  of  a  vertical  stacked  array  of 
split-ring  resonators  with  spherically- tapered  radii  and  splits  that  alternate  orien¬ 
tations  by  180  degrees  with  each  layer.  The  antenna  is  excited  by  a  circular  center- 
fed  dipole  along  the  circumference  of  the  containing  sphere.  The  independent  feed 
and  radiating  structures  mean  that  the  radiation  and  impedance  characteristics 
of  the  antenna  may  be  tuned  roughly  independently,  making  this  antenna  a  good 
choice  for  radiating  to  the  electrically  hostile  environment  of  a  zero-index  slab.  The 
antenna  may  also  be  implemented  using  planar  traces  on  stacked  printed  circuit 
boards,  allowing  a  simple  avenue  for  fabrication. 

Magnetic  slot  antennas  will  also  produce  a  magnetic  dipole  TE-mode  radiation 
pattern  with  relatively  high  mode  purity.  A  bidirectional  slot  antenna  would  be 
functional  for  a  full  cylinder,  and  if  a  half-cylinder  of  magnetic  metamaterial  is 
backed  by  a  PEC  ground  plane,  then  a  single  slot  antenna  would  be  sufficient. 


34 


A  substrate-integrated  waveguide  (SlW)-fed  slot  antenna  may  be  a  good  option, 
due  to  the  ease  of  construction  and  the  degree  of  control  allowed  over  the  fields, 
compared  to  a  slotted  ground  plane  antenna  fed  by  an  open-circuit  microstrip  line. 

2.4  Vertical  scanning 

Although  the  cylindrical  lens  can  perform  beam  scanning  only  in  the  azimuthal 
plane,  the  fan-shaped  radiation  pattern  with  broad  elevation-plane  coverage  would 
allow  multiple  independent  reconfigurable  ZIM  antennas  to  be  stacked  together 
to  form  an  array  with  beamforming  capability.  In  this  simple  array,  the  feeds 
for  each  element  would  be  fed  with  identical  magnitude  and  phase,  and  the  scan 
direction  controlled  only  by  the  spatial  configuration  of  the  metamaterial  in  each 
slab.  Fig.  2.15(b)  illustrates  a  three-element  vertical  array  of  ZIM  slabs,  where 
the  off-state  metamaterial  regions  are  chosen  to  create  an  angled  effective  aperture 
that  produces  the  directive  radiation  pattern  in  Fig.  2.15(d).  The  beamforming  is 
accomplished  through  changes  in  the  metamaterial  settings  alone.  Since  the  three 
elements  arc  fed  with  identical  phase,  and  the  ZIM  has  an  effectively  infinite  phase 
velocity,  the  difference  in  switching  radii  between  the  three  elements  introduces 
the  phase  offset  required  for  phased- array  beamforming.  Note  that  for  this  array, 
no  phase-delay  circuitry  is  required,  only  a  fixed  equal-phase  corporate  feed  net¬ 
work.  Representative  elevation-  and  azimutlial-plane  scanned  radiation  patterns 
for  the  three-element  system  are  illustrated  in  Fig.  2.16.  The  broad  elevation- 
plane  element  pattern  yields  a  60°  field  of  view  with  only  2.5dB  squint,  as  shown 
in  Fig.  2.17.  The  metal  plates  on  top  and  bottom  of  the  elements,  which  would 
seem  to  constrain  the  off-normal  performance,  actually  help  by  broadening  the 
elevation-plane  element  pattern,  thus  yielding  a  wider  available  scanning  range. 
Additional  vertical  scanning  range  may  be  achieved  by  increasing  the  number  of 
lens  elements  and/or  changing  the  resonant  characteristics  of  the  individual  lenses 
to  make  them  shorter,  and  thus  broaden  their  elevation-plane  radiation  pattern. 

The  metamaterial  lens  may  be  inexpensively  constructed  using  PCB  technology, 
which  offers  a  great  deal  of  design  flexibility.  This  lens  is  superior  to  existing 
metamaterial  lenses  in  that  the  radiation  pattern  is  not  fixed  at  the  design  stage, 
and  may  be  competitive  in  performance  and  capabilities  with  conventional  phased 
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Fig.  2.15:  (a)  Cylindrical  ZIM  slab  with  PEC  bounding  plates  forming  a  reconfig- 
urable  lens  antenna.  The  left  (green)  region  of  the  lens  is  in  a  ZIM  state,  and  the 
right  (purple)  in  a  near-frce-space  state,  (b)  Stack  of  three  reconfigui  able  lenses 
with  the  switching  radii  of  the  lenses  adjusted  for  beam  scanning,  (c)  Directivity 
pattern  [dIF  of  the  cylindrical  metalens,  (d)  Directivity  pattern  [dB]  of  the  stacked 
array  of  cylindrical  metalenses. 


Elevation  Plane  Cut 


A/imuthal  Plane  Cut 


Ad=-2  5  mm 
Ad=-30.0  mm 
Ad=0.0  mm 


-  —  -  Ad=2.5  mm 
"  —  Ad=30  0  mm 

Original  Element 


Fig.  2.16:  Elevation  and  Azimuthal  plane  cuts  of  the  original  single-element  pattern 
and  five  configurations  of  the  three-element  array. 
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Fig.  2.17:  Elevation-plane  scan  angle  versus  lens  switching  radius  offset.  The  size 
and  color  of  the  diamonds  indicates  the  peak  directivity  of  the  array,  and  the 
HPBW  is  illustrated  by  the  height  of  the  bars. 


array  antennas  for  some  applications.  The  implementation  for  the  elevation-plane 
scanning  lens  simply  requires  several  copies  of  the  azimuthal  lens,  which  allows  a 
single  prototype  design  to  be  used  in  multiple  antenna  configurations. 


2.5  Upper  Hemispherical  Beam  Scanning 

As  an  extension  to  the  vertical  scanning  example  introduced  previously,  a  vertical 
stack  of  half-cylindrical  antennas  separated  by  PEC  plates  may  be  compressed 
into  wedges  to  form  a  hemispherical  lens,  as  illustrated  in  Fig.  2.18.  By  changing 
the  metamaterial  state  in  each  component  lens  independently  and  feeding  each  of 
the  wedge  lenses  with  the  uniform  magnitude  and  phase,  then  a  similar  beam¬ 
forming  procedure  may  be  performed  using  the  same  beam-scanning  concept  as 
used  previously.  Creating  an  artificial  aperture  with  phase  and  magnitude  control 
throughout  the  sphere  will  allow  a  beam  to  be  directed  throughout  the  upper 
hemisphere.  The  asymmetric  nature  of  this  approach  means  that  the  beamforming 
quality  will  be  limited  as  9  — >  90°  near  the  ground  plane,  but  electrical  switches 
at  the  shared  feeds  could  be  used  to  enable  or  disable  individual  lens  elements  as 
required. 

The  complexity  of  the  upper  hemispherical  lens  for  fabrication  and  assembly 
is  significantly  greater  than  that  of  the  single  lens,  although  the  structure  of  the 
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individual  lens  elements  is  largely  based  on  the  original  cylindrical  design,  and 
the  operating  concept  is  a  simple  extension  of  the  three- lens  array.  The  wedge- 
shaped  metamaterial  slabs  complicate  fabrication  and  assembly,  and  the  lack  of  a 
completely  symmetric  layout  introduces  preferred  directions  to  the  beamforming 
rather  than  allowing  completely  arbitrary  scanning.  Preliminary  simulation  results 
have  indicated,  however,  that  the  wedge  shapes  of  the  lens  elements  help  to  promote 
radiating  modes  rather  than  resonant  modes,  as  were  dominant  in  the  cylindrical 
lenses. 

The  feed  antenna  presents  additional  complications  for  the  upper  hemispherical 
lens.  Each  of  the  wedge  antennas,  if  using  uniaxial  magnetic  metamaterials  as  in 
the  original  designs,  requires  theta-directed  H-fields  as  the  excitation.  Tiling  the 
lens  elements,  each  of  which  would  require  an  independent  magnetic  dipole  feed, 
means  that  the  overall  excitation  would  behave  like  an  electric  dipole,  with  linear 
electric  field  polarized  parallel  to  the  hole  in  the  center  of  the  lens,  and  the  theta- 
polarized  magnetic  field  tangential  to  the  surface  of  the  cylindrical  hole  at  all 
points.  An  explicit  dipole  feed,  however,  presents  many  challenges;  primarily,  the 
difficulty  of  getting  the  dipole  excitation  to  efficiently  couple  into  the  metamaterial. 

Since  no  existing  antenna  would  exactly  meet  the  requirements,  several  options 
were  explored  to  determine  what  might  be  feasible.  An  explicit  cavity  antenna 
that  generates  the  required  field  patterns  in  a  narrow  theta-directed  slot  such  that 
each  wedge  wTas  excited  in  the  exactly  analogous  way  to  the  original  cylindrical 
configuration  (i.e.,  a  slot  antenna  radiating  a  magnetic  dipole- type  pattern  at  the 
center  of  the  wedge)  would  be  best,  as  it  allows  the  excitation  and  the  lens  to  be 
separately  tuned.  Selecting  a  spherical  or  cylindrical  cavity  is  the  first  step  based 
on  the  constraint  for  a  cylindrical  theta-polarized  H-field.  Based  on  the  analysis 
of  the  resonant  modes  of  concentric  spherical  cavities  [74],  a  modified  cavity  was 
constructed  as  the  region  between  two  concentric  hemispherical  conducting  shells 
with  a  1  mm  slot  cut  for  —85°  <  6  <  85°  at  (£>  =  0°.  Exploratory  simulations  with 
a  delta-gap  excitation  across  the  slot  as  suggested  by  [75]  showed  that  the  second- 
order  resonant  mode  of  this  structure,  as  desired,  demonstrated  a  theta-polarized 
magnetic  field  parallel  to  the  slot  antenna,  but  with  a  very  poor  mode  coupling 
efficiency  from  the  initial  excitation  method.  Analysis  of  the  field  patterns  within 
the  cavity  showed  symmetric  regions  of  solonoidal  magnetic  fields  at  the  resonant 
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frequency,  as  seen  in  Fig.  2.19.  Applying  an  electric  delta-gap  excitation  (a  coaxial 
probe  connected  to  the  outer  shell  and  grounded  to  the  inner  shell  for  an  actual 
implementation)  in  the  center  of  the  solonoidal  magnetic  field  produced  a  much 
better,  albeit  narrow,  impedance  match  to  the  second-order  mode. 


Fig.  2.18:  (a)  Single  wedge-shaped  ZIM  lens  (b)  Array  of  wedge-shaped  lenses 
arrayed  in  a  sphere  for  upper-hemisphere  beam  scanning  (c)  Concentric  spherical 
cavity  magnetic  slot  antenna  for  use  as  a  feed  in  the  cylindrical  gap  at  the  center  of 
the  spherical  lens,  itself  excited  by  a  coaxial  probe  from  the  inner  spherical  surface. 


Fig.  2.19:  Magnetic  field  patterns  for  the  two  lowest-order  resonance  modes.  The 
second-order  mode  (b)  demonstrates  H-fields  aligned  with  the  slot,  and  shows  a 
solonoidal  magnetic  field  pattern  for  excitation  by  an  electric  probe. 


The  concentric  hemispherical  cavity  antenna  as  described  above  was  used  to 
excite  the  hemispherical  lens.  After  adjusting  the  cavity  and  slot  dimensions  to  ac¬ 
count  for  the  difference  impedance  environment  when  radiating  into  the  lens  rather 
than  in  free  space,  an  acceptable  return  loss  was  obtained  for  the  demonstrated 
beam  scanning  pattern. 

Initial  simulation  results  of  a  basic  model  of  the  upper  hemispherical  lens  are 
shown  in  Fig.  2.20.  The  upper  hemispherical  beam-scanning  lens  concept  is  still 
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in  the  early  development  stages,  but  offers  some  promising  early  results. 


Fig.  2.20:  Simulation  model  and  resulting  radiation  pattern  for  a  spherically- 
segmented  ZIM  lens  excited  by  a  concentric  cavity-backed  magnetic  slot  antenna. 
The  many  large  sidelobes  are  due  to  the  lack  of  design  optimization,  as  this  simu¬ 
lation  is  intended  to  show  proof  of  concept,  not  a  finished  design. 


2.6  Summary  of  Selected  Prototype  Lens  Design 
Approach 

A  full  circular  cylinder  is  only  one  of  the  possible  design  configurations.  Since  a 
magnetic  feed  and  metamaterial  is  employed,  a  vertical  ground  plane  can  be  used 
with  a  half-cylinder  lens  to  allow  beam-scanning  over  up  to  180  deg  of  the  azimuthal 
plane.  A  magnetic  slot  antenna  excited  by  a  substrate-integrated  waveguide  (SIW) 
[7],  [76]  can  be  built  into,  and  much  of  the  power  and  support  circuits  hidden  behind 
the  ground  plane,  thus  simplifying  the  implementation  details  and  reducing  the 
expense  for  a  prototype.  Compared  to  the  previous  descriptions,  the  semicircular 
antenna  in  Fig.  2.22  is  simpler  and  cheaper  to  construct  as  a  proof-of-concept 
device  than  the  full  cylinder.  Also,  a  substrate-integrated  magnetic  slot  feed  in 
Fig.  2.21  is  simpler  to  model  and  fabricate  than  a  design  based  on  a  Spherical 
Split-Ring  radiator  [72]. 

The  lens  consists  of  a  semicircular  slab  of  metamaterial  mounted  against  a 
ground  plane  in  which  a  slot  aperture  has  been  placed  in  the  center  of  the  lens. 
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The  top  and  bottom  faces  of  the  slab  must  be  PEC  to  force  the  energy  to  only 
radiate  in  the  plane  of  the  lens  rather  than  along  the  axis,  parallel  to  the  optical 
axis  of  the  metamaterial.  Since  the  uniaxial  low-index  slab  may  be  viewed  as  a 
radiating  dielectric  resonator,  the  dimensions  of  the  slab  must  be  carefully  chosen 
to  promote  radiating  rather  than  merely  resonant  modes.  In  general,  the  lens  will 
be  a  short  disk  with  a  large  radius  to  increase  the  gain  and  front-to-back  ratio. 

Given  the  present  impracticality  of  a  purely  optical  control  and  switching 
method  (for  example,  a  system  including  an  independently-excited  optical  fiber 
that  illuminates  an  optically-sensitive  semiconductor  junction  for  each  unit  cell 
[77]),  metallic  power  and  control  traces  must  be  routed  to  each  unit  cell.  The  most 
effective  topology  for  the  lens  is  a  hexagonal  spiral  for  a  circular  lens,  or  a  set  of 
concentric  hexagonal  rings  of  unit  cells  for  the  semicircular  lens.  Using  hexagonal 
unit  cells  of  six  resonators  each  with  shared  control  circuitry  requires  only  two 
unit  cell  configurations  (straight  and  angled)  to  be  designed,  characterized,  and 
tiled  to  construct  the  entire  lens.  To  accommodate  the  hexagonal  unit  cells,  the 
semicircular  lens  is  approximated  by  a  half-hexagon. 

The  entire  lens  antenna  is  matched  to  a  50$ 2  generator  by  the  tapered  line  and 
adjustments  to  the  size  of  the  SIW  cavity  and  slot,  which  are  shown  in  Fig.  2.21. 
The  antenna  was  designed  independently  of  the  lens.  The  narrow  operating  band¬ 
width  may  be  improved  in  practice  by  using  a  slightly  tapered  or  wider  slot  aper¬ 
ture,  or  by  a  nonlinearly-tapercd  microstrip  transition.  However,  the  narrow  band¬ 
width  of  the  current  metamaterial  implementation  does  not  necessitate  a  wideband 
feed. 

A  homogeneous  model  of  the  half-hexagon  metamaterial  lens  was  evaluated 
using  Ansoft  HFSS.  including  the  SIW  slot  and  tapered  microstrip  impedance 
transformer.  The  resonance  frequency  of  the  SIW  antenna  can  shift  slightly  with 
the  loading  effects  of  the  ZIM  slab.  The  hexagonal  lens  is  chosen  to  be  the  smallest 
regular  hexagon  that  covers  a  225mm  radius  cylinder,  and  the  height  is  60  mm  . 
An  illustration  of  this  antenna  and  radiation  pattern  is  given  in  Fig.  2.22  with  a 
70  mm  switching  radius  and  a  beam  steered  to  10  deg  from  broadside. 
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56.9  mm 


Fig.  2.21:  (left)  Dimensions  and  structure  of  the  SIW  slot  antenna  with  associated 
impedance-matching  taper  to  a  50  ohm  microstrip  line.  The  antenna  is  fabricated 
on  a  0.78  mm  (31  mil)  Rogers  RO5880  RF  substrate  with  a  solid  rear  ground  plane, 
(right)  Reflection  coefficient  at  the  microstrip  feed  for  the  SIW  antenna,  showing 
a  good  match  at  2.4  GHz  ,  but  only  a  small  bandwidth. 
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Fig.  2.22:  Illustration  of  the  hexagonal  near-zero-index  anisotropic  lens  with  re- 
configurable  metamaterial  slab,  fed  by  a  magnetic  slot  antenna  constructed  with 
a  SIW,  with  associated  radiation  pattern. 
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Metamaterial  Design  and 
Measurements 


Dynamic,  non-passive  control  is  the  largest  challenge  for  the  implementation  of  a 
reconfigurable  volumetric  metamaterial,  since  the  control  circuits  cannot  be  simply 
hidden  behind  a  ground  plane  as  would  be  allowed  for  a  reconfigurable  metasur¬ 
face  or  FSS.  Since  the  metallic  control  traces  will  affect  the  response  in  any  case, 
the  metamaterial  must  be  designed  so  as  to  minimize  their  effects  on  its  desired 
operation.  The  use  of  a  magnetic  metamaterial  simplifies  the  design  of  the  recon¬ 
figurable  elements,  since  planar  loops  may  be  created  using  printed  circuit  board 
(PCB)  technology.  Using  an  array  of  split-ring  resonators  (SRR)  where  varactor 
diodes  are  placed  in  the  gaps  and  controlled  by  an  array  of  shift  registers  creates 
a  metamaterial  that  can  be  spatially  tuned.  The  spatial  reconfiguration  requires 
that  control  traces  propagate  throughout  the  lens  to  distribute  power  to  the  control 
circuits  and  data  to  determine  the  metamaterial  state  at  all  locations  within  the 
lens.  The  varactor  properties  and  SRR  dimensions  are  chosen  to  induce  a  strong 
magnetic  resonance  just  below  the  desired  operating  band  when  the  varactor  is  in 
one  state  and  to  eliminate  the  resonance  for  the  other.  Operating  at  a  frequency 
just  above  the  resonance  yields  a  low-index,  near-ZIM  effective  medium  due  to  the 
Lorentzian  permeability  response  of  the  SRR.  A  metamaterial  prototype  satisfying 
these  requirements  is  described  below.  Several  design  iterations  were  performed 
in  order  to  account  for  discrepancies  in  the  simulation  model  and  to  refine  the 
metamaterial  design  prior  to  manufacturing  a  bulk  lens. 
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3.1  Reconfigurable  Metamaterial  Design  Consid¬ 
erations 

When  designing  a  spatially  reconfigurable  metamaterial,  all  of  the  questions  and 
factors  for  its  static  counterpart  still  apply.  What  is  the  frequency  and  polariza¬ 
tion  of  operation?  What  is  the  desired  electromagnetic  behavior?  The  frequency 
of  operation  drives  the  dimensions  of  the  metamaterial,  the  fabrication  technique, 
and  the  available  tuning  mechanisms,  while  the  polarization  and  desired  behavior 
will  help  to  specify  the  required  unit  cell.  What  is  the  tuning  mechanism,  and 
is  it  continuous  or  discrete?  How  is  the  tuning  mechanism  controlled?  The  dif¬ 
ferent  requirements  of  a  binary  vs.  a  multivalued  or  continuous  (analog)  control 
system  can  significantly  change  the  complexity  of  the  metamaterial  design.  In  all 
cases,  the  effects  of  any  additional  traces,  components,  or  design  modifications 
on  the  metamaterial  behavior  (other  than  the  desired  tuning  response)  should  be 
minimized.  The  answers  to  these  interrelated  questions  will  jointly  determine  the 
required  unit  cell  configuration  and  associated  complexity  of  the  control  system. 

Many  of  the  common  volumetric  unit  cells  for  microwave  frequencies  (split¬ 
ring  resonators  ^22],  [35],  [78],  electric  LC  resonators  [50],  end-loaded  dipole  [17] 
elements)  provide  an  anisotropic  effective  medium  response.  Although  isotropic 
metamaterial  responses  may  be  engineered  through  a  combination  of  multiple  res¬ 
onator  elements  in  different  orientations,  such  a  configuration  introduces  addi¬ 
tional  challenges  when  considering  tuning  and  control.  In  comparison,  a  collection 
of  parallel,  planar  metamaterial  panels  simplifies  fabrication.  Nonresonant  metal- 
lodielectric  metamaterials  may  be  used  as  reconfigurable  elements,  but  it  is  likely 
that  the  effect  of  the  additional  traces  for  control  and  biasing  will  produce  a  larger 
relative  effect  on  the  response  of  the  structure  than  if  a  resonant  behavior  is  the 
desired  response.  In  addition,  the  behavior  of  a  sharp  resonance  will  be  tuned  and 
controlled  by  a  smaller  change  in  active  component  properties  than  will  that  of  a 
nonresonant  design. 
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3.1.1  Viable  Timing  Mechanisms 

Allowing  full  control  over  the  effective  response  of  subregions  of  a  metamaterial 
slab  ultimately  requires  that  the  actuators  themselves  be  independently  controlled, 
as  well.  Physically  tuning  a  unit  cell  s  geometry,  for  example,  by  adjusting  the 
position  of  the  top  of  a  resonator  relative  to  its  base,  is  practical  for  a  large  panel 
but  not  a  viable  option  for  individual  unit  cells.  Electrical  control  mechanisms  are 
the  only  practical  option  for  a  spatially-tunable  metamaterial  implementation. 

MEMS-based  switches,  varactor  diodes,  and  PIN  diodes  are  the  most  com¬ 
mon  tuning  elements  for  RF  and  microwave  circuits.  Packaged  MEMS  devices  are 
presently  very  expensive,  require  high  actuation  voltages  that  are  not  compatible 
with  CMOS-level  logic  circuitry,  and,  for  these  reasons,  are  not  suitable  for  bulk 
usage  (i.e.,  one  switch  per  5mm  unit  cell  in  a  20x20x5  grid).  Reverse-biased  var¬ 
actor  diodes  act  as  variable  capacitors,  which  makes  them  useful  for  controlling 
resonance  frequencies.  As  voltage-controlled  devices,  power  consumption,  even  for 
an  array  of  many  elements,  is  minimal.  At  higher  frequencies,  varactors  become 
lossy,  with  parasitic  impedances  overtaking  the  desired  capacitance  change.  GaAs 
varactors  have  better  frequency  responses  than  Si  varactors,  but  are  less  widely 
available.  PIN  diodes  act  as  electrically-controlled  potentiometers,  with  RF  con¬ 
ductance  changing  from  high  to  low  as  the  current  through  the  diode  is  adjusted. 
The  DC  current  requirements  will  become  significant  for  an  array  of  hundreds  or 
thousands  of  unit  cells,  however,  and  RF  losses  from  the  resistive  properties  of  the 
device  may  be  impractical  for  transmission-based  metamaterial  devices.  Both  var¬ 
actor  and  PIN  diodes  may  be  configured  based  on  their  bias  settings  to  behave  in 
binary,  multilevel  discrete,  or  continuous  tuning  modes,  while  MEMS  switches  are 
typically  discrete  in  nature.  Other  tuning  options  such  as  packaged  RF  switches 
and  transistors  have  been  investigated  and  found  impractical  for  our  designs. 

Despite  the  increasingly  poor  frequency  response  above  1  to  2  GHz,  varactors 
(specifically,  Skvworks  SMV1247-074LF  common  cathode  varactor  diodes,  with 
effective  capacitance  ranging  from  0.8  to  7pF  for  applied  bias  voltages  from  0  to 
5v)  were  determined  to  be  the  best  selection  for  the  example  ZIM  /  free-space 
reconfigurable  metamaterial.  The  relatively  large  power  consumption  of  the  PIN 
diodes  would  have  added  significant  complexity  to  the  power  regulation  circuitry, 
and  likely  a  substantial  increase  in  trace  sizes  would  have  been  necessary  to  sup- 
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port  the  current,  compared  to  a  varactor-based  design.  In  order  to  obtain  accurate 
models  of  the  metamaterial  performance,  two-port  scattering  parameter  measure¬ 
ments  of  the  varactors  as  a  function  of  the  applied  bias  voltage  were  performed 
using  a  network  analyzer  and  included  in  the  simulation  models,  since  the  circuit 
models  provided  in  the  data  sheets  were  not  found  to  be  accurate  at  our  operational 
wavelengths. 

3.1.2  Control  Circuits 

Controlling  the  properties  of  a  bulk  metamaterial  slab  generally  consists  of  chang¬ 
ing  the  bias  voltage  or  current  on  a  single  or  small  number  of  signal  lines.  In  this 
case,  the  circuitry  within  the  metamaterial  is  limited  to  the  bias  distribution  lines 
and,  potentially,  isolating  chokes  or  inductors.  The  interconnecting  bias  traces  can 
in  some  cases  be  integrated  directly  into  the  metamaterial  unit  cell  design,  such  as 
in  the  case  of  a  slot-based  structure  [79].  Since  the  entire  board  is  tuned  together, 
and  the  control  signals  may  be  generated  off-board,  it  is  simple  to  produce  binary, 
multilevel,  and  continuous  (analog)  ranges  of  command  signals. 

Extending  to  a  spatially  reconfigurable  metamaterial  design  introduces  addi¬ 
tional  complexities:  generating  bias  signals  in  a  distributed  fashion,  distributing 
control  and  power  signals  to  the  bias  generators,  and  balancing  the  complexity  of 
the  control  signals  against  the  complexity  and  electrical  size  of  the  decoding  circuits 
for  the  bias  generators.  For  this  discussion,  it  is  assumed  that  each  unit  cell  (or 
perhaps,  small  groups  of  unit  cells)  are  tuned  independently  and  require  a  separate 
bias  signal.  For  a  large  (greater  than  a  wavelength)  volumetric  metamaterial  slab, 
there  are  too  many  unit  cells  for  each  to  have  an  independent  externally-provided 
bias  signal  (except  possibly  in  the  case  of  the  optical  fiber-based  configuration). 
Thus  the  bias  signals  must,  for  any  practically-sized  metamaterial  slab  be  gener¬ 
ated  within  the  metamaterial  slab  itself,  leading  to  a  system  of  distributed  bias 
control  circuits,  which  must  be  independently  addressable.  An  off-board  controller 
(such  as  a  microcontroller  or  laptop)  compmter)  is  assumed  to  generate  the  com¬ 
mand  signals  that  are  provided  to  the  on-board  bias  generation  circuits,  which 
interpret  the  command  signals  to  produce  the  direct  bias  levels  for  the  metama- 
terial.  Placing  the  bias  generation  circuitry  within  the  metamaterial  itself  adds  a 
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constraint  on  the  complexity  of  the  bias  signal,  both  from  the  physical  size  of  the 
circuit  as  well  as  the  number  of  digital  or  analog  control  lines  necessary  to  encode 
the  desired  metamaterial  state.  The  constraints  become  more  stringent  at  higher 
frequencies,  where  a  single  surface-mount  lumped  element  or  IC  component  may 
consume  a  significant  fraction  of  a  unit  cell's  area.  Most  implementations  of  a  bias 
generation  circuit  will  also  require  ground  and  supply  voltage  traces  in  addition 
to  the  control  signals  themselves.  This  represents  a  fundamental  trade-off  -  the 
more  traces  are  directly  provided  from  the  external  controller,  the  simpler  the  bias 
generation  circuitry  may  be,  but  the  more  effect  the  control  lines  will  have  on  the 
operation  of  the  metamaterial. 

It  would  be  possible  to  implement  an  analog  control  system  with  only  two  wires 
(signal  and  ground)  for  a  frequency-multiplexed  control  signal  -  each  unit  cell  would 
be  addressed  by  a  specific  audio-frequency  tone,  implemented  by  narrow  band-pass 
passive  filters.  The  magnitude  of  the  selected  tone,  after  rectification  and  low-pass 
filtering,  would  then  be  applied  as  the  bias  signal  to  the  unit  cell.  Such  a  scheme 
may  be  implemented  with  relatively  simple  bias  generation  circuits  at  the  unit  cell 
level,  but  requiring  a  separate  analog  band-pass  filter  for  each  unit  cell  produces  a 
complex  system-level  design  that  would  be  very  difficult  to  test  and  verify. 

Similarly,  a  two- wire  (voltage  supply  with  multiplexed  binary  signal  and  ground) 
digital  control  interface  with  analog  bias  outputs  could  also  be  devised  that  sep¬ 
arates  the  voltage  supply  and  control  signal  by  filtering,  and  listens  for  specific 
digital  commands  to  change  the  bias  outputs  for  a  given  unit  cell.  Such  a  system 
would  require  a  physically  large  and  complex  circuit  if  implemented  using  dis¬ 
crete  components  and  single-function  microchips,  but  may  offer  very  sophisticated 
bias  outputs  (including  binary,  multilevel,  or  analog  outputs)  if  implemented  in  a 
custom  microchip  (or  possibly  a  small  microcontroller).  This  approach  could  be 
beneficial  in  a  mass-produced  metamaterial  structure,  but  would  be  very  expensive 
otherwise. 

Allowing  the  number  of  control  signals  to  increase  to  five  and  restricting  to  bi¬ 
nary  bias  levels  between  an  externally-provided  low-  and  high-voltage  range  allows 
a  much  simpler  bias  generation  circuit.  Such  a  circuit  could  be  implemented  by 
choosing  an  SPI  (serial  peripheral  interface)-based  communication  protocol  (power 
(VDD),  ground  (GND),  data,  clock)  and  providing  one  additional  negative  volt- 
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age  level  (VBIAS).  The  bias  signals  provided  to  the  unit  cell  would  switch  between 
VDD-VBIAS  and  GND-VBIAS  with  no  voltage  dividers  or  power  regulation  within 
each  bias  generation  circuit.  Each  unit  cell  (with  associated  bias  generator)  would 
be  connected  in  sequence  and  provide  a  single-bit  serial-to-parallel  shift  register, 
so  that  unit  cells  are  independently  addressable  by  their  position  in  the  array.  A 
circuit  diagram  for  such  a  unit  cell  design  is  included  in  Fig.  3.1.  This  plan  was 
seen  as  a  good  trade-off  for  a  prototype  design  between  minimizing  the  number 
of  external  control  signals  and  minimizing  the  complexity  of  the  distributed  bias 
generation  circuits.  Since  most  shift  register  ICs  have  multiple  bits,  several  meta¬ 
material  resonators  could  be  grouped  into  a  single  unit  cell,  each  with  a  separate 
output  from  the  4-,  6-,  or  8-bit  shift  register;  this  would  also  reduce  the  fractional 
area  required  by  the  bias  circuitry  relative  to  the  resonators.  A  simple  8-bit  micro¬ 
controller  is  sufficient  to  compute  the  command  signals  for  an  entire  lens,  which 
take  the  form  of  a  bit  string  with  the  encoded  state  of  each  unit  cell  within  the 
lens.  Control  signals  are  only  required  when  the  metamaterial  state  is  changed, 
although  the  voltage  levels  must  be  maintained  at  all  times  to  preserve  the  shift 
register  state.  A  disadvantage  is  that  the  entire  array  of  unit  cells  must  be  reset 
in  order  to  change  the  state  of  a  single  resonator;  a  high  clock  speed  (100kHz-10 
MHz)  can  mitigate  the  time  delay  associated  with  the  state  reset  throughout  the 
array. 

The  number  of  control  traces  of  this  scheme  could  be  reduced  by  using  a  self- 
synchronized  communication  scheme  (RS-232/UART)  or  regenerating  the  clock 
(c.g.  phase-locked  loop)  from  the  data  line,  or  by  including  additional  voltage 
regulation  within  the  bias  generator;  these  changes  would  significantly  increase 
the  complexity  and  board  area  required  by  the  bias  generation  circuits.  Another 
modification  of  this  design  would  be  to  allocate  multiple  bits  of  the  distributed 
shift  register  to  each  unit  cell,  so  as  to  provide  multilevel  bias  signals  and  more 
granular  control  of  the  metamaterial  behavior.  This  would  only  be  limited  by  the 
available  area  for  the  bias  circuitry  oil  the  metamaterial  panels  and  the  number 
of  available  bits  in  the  shift  register.  These  two  approaches  may  be  beneficial  at 
lower  frequencies  (100-700  MHz  range)  where  the  unit  cell  dimensions  are  large 
enough  to  include  the  additional  circuitry. 

With  any  digital  control  method,  the  noise  on  the  clock  and  data  lines  must  be 
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Fig.  3.1:  Circuit  diagram  for  a  single  hexagonal  unit  cell  showing  the  bias  and 
control  lines  of  a  shift  register-based  control  system  for  the  resonator  state. 


managed  to  avoid  errors  in  the  data  transmission.  Although  CMOS  logic,  with  its 
very  low  current  draw,  can  support  a  large  fanout  from  a  single  logic  output,  the 
rise  and  fall  times  of  a  pulse  can  be  greatly  extended  by  the  excess  capacitance  of 
long  traces,  as  well  as  by  any  lumped  inductance  added  between  unit  cells  to  break 
up  the  long  wires.  Some  early  prototypes  of  a  metamaterial  panel  with  hundreds 
of  unit  cells  in  sequence  were  found  to  be  very  sensitive  to  noise  on  the  clock 
lines.  Some  of  the  results  included  multiple  clock  signals  being  interpreted  from 
a  single  rising  edge  of  the  clock  due  to  jitter  at  the  transition  level  -  ultimately, 
the  pattern  of  bits  set  in  the  lens  was  not  the  same  as  the  commanded  pattern. 
The  control  system  was  very  sensitive  to  small,  nearby  static  discharges,  which 
commonly  resulted  in  the  addition  of  10-100  bits  of  random  data  to  the  input  of 
the  distributed  shift  register.  These  effects  were  mitigated  by  including  additional 
decoupling  capacitors  between  the  clock  and  ground  lines  and  the  supply  voltage 
and  ground,  as  well  as  by  including  Schmitt  trigger  buffers  for  the  clock  signal  at 
selected  points  throughout  the  metamaterial  slab  to  reduce  the  clock  fanout  and 
rise  time. 
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3.1.3  Metamaterial  Resonators  and  Unit  Cell 

The  active  element  of  the  reconfigurable  metamaterial  must  be  selected  for  its 
ability  to  generate  the  desired  metamaterial  response  as  well  as  the  ease  of  tun¬ 
ing.  The  narrow  bandwidths  of  resonant  elements  can  actually  be  useful  in  this 
circumstance,  since  a  relatively  small  change  in  capacitance  can  produce  a  large 
change  in  effective  medium  response. 

It  is  desirable  that  the  metamaterial  unit  cells  be  selected  in  such  a  way  that 
the  addition  of  the  bias  lines  and  circuits  will  minimally  affect  the  metamaterial 
response,  but  some  disruption  is  practically  inevitable.  The  addition  of  metallic 
wires  and  components  will  disturb  the  EM  field,  and  thus  change  the  response.  One 
strategy  to  meet  the  goal  is  to  minimize  the  area  used  by  the  extraneous  circuits  - 
in  the  limit,  as  the  area  used  by  the  bias  generation  circuits  decreases  compared  to 
the  area  covered  in  the  metamaterial  resonators,  the  effects  of  the  extra  circuits  are 
reduced.  This  approach  is  limited  by  the  size  of  the  required  circuit  components, 
however.  A  second  strategy  involves  the  selection  of  the  resonant  element  such 
that  the  targeted  EM  field  effect  is  not  directly  influenced  by  the  additional  timing 
circuits.  For  example,  a  planar  magnetic  loop  element  interacts  with  the  normal 
magnetic  field,  which  itself  does  not  interact  strongly  with  additional  lengths  of 
wire  in  the  plane.  In  comparison,  a  planar  electric  resonator  (dipole,  end  loaded 
dipole,  or  electric  LC  resonator)  that  interacts  with  the  in-plane  electric  field  will 
couple  strongly  with  any  other  coplanar  metallic  structures.  Keeping  the  control 
circuitry  coplanar  with  the  metamaterials  and  the  tuning  circuit  allows  for  much 
simpler  fabrication  of  a  completed  design.  For  this  reason,  planar  magnetic  res¬ 
onators  may  be  a  better  choice  than  planar  electric  resonators.  An  additional 
benefit  of  the  magnetic  design  over  the  electric  is  that,  for  a  given  resonator  size, 
the  magnetic  loop  resonators  produce  a  much  stronger  resonant  response  due  to 
the  increased  field  coupling  area  within  the  loop.  This  stronger  response  enables 
the  metamaterial  effect  to  be  dominant  over  the  spurious  responses  of  the  tuning 
circuits  and  allows  the  use  of  electrically  smaller  resonant  elements,  which  in  turn 
improves  the  homogeneity  of  the  effective  medium  properties. 

Choosing  a  specific  resonator  should  also  consider  the  tuning  response  to  the 
selected  actuator.  For  the  varactor  diode  and  split-ring  resonator  combination,  a 
tunable  capacitance  will  change  the  resonant  frequency  of  the  ring  by  modifying 
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the  overall  capacitance  of  the  structure.  However,  the  structure  of  the  SRR  must 
be  selected  such  that  the  change  in  the  varactor  capacitance  produces  the  maxi¬ 
mum  change  in  overall  device  capacitance.  Ideally,  the  varactor  should  represent 
the  dominant  capacitance  term  within  the  SRR  in  order  to  maximize  the  frac¬ 
tional  change  in  resonant  frequency  compared  to  the  fractional  change  in  varactor 
capacitance.  Several  common  SRR  designs  are  depicted  in  Fig.  3.2.  If  the  varac¬ 
tor  is  placed  in  series  or  parallel  with  comparable  distributed  capacitance  terms 
introduced  by  the  SRR  geometry,  then  tuning  will  be  more  difficult.  For  these 
reasons,  a  variation  of  the  single-split  single-layer  split-ring  resonator  (Fig.  3.2(b)) 
was  selected  for  the  prototype  design. 


(a)  (b)  (c) 


Fig.  3.2:  The  variable  capacitors  integrated  into  the  three  SRR  designs  will  have 
different  effects  on  the  resonant  frequency  of  the  overall  resonator  for  the  same 
change  in  capacitance.  The  varactor  in  (b)  has  the  potential  for  the  largest  effect, 
since  the  lumped  capacitor  is  the  dominant  capacitance  term  in  the  resonator. 


3.1.4  Unit  Cell  Interconnection 

The  selected  control  system  for  the  prototype  reconfigurable  metamaterial  lens 
relies  on  a  single  array  of  serially-interconnected  unit  cells,  where  the  resonant 
metamaterial  elements  may  be  grouped  to  share  control  circuitry.  The  resulting 
slab  should  be  created  in  an  approximately  semicircular  shape,  and  the  path  of 
the  control  traces  throughout  the  lens  should  be  designed  to  interact  minimally 
with  the  controlled  fields  or,  at  least,  to  interact  with  the  fields  in  a  homogeneous 
and  symmetric  fashion  (this  is  very  dependent  on  the  selected  polarization  and  the 
application  of  the  resulting  metamaterial).  These  constraints  help  to  dictate  the 
topology  of  the  interconnections  between  unit  cells. 

For  the  nominal  target  application  of  a  metamaterial  lens  antenna,  the  source 
is  intended  to  be  placed  at  the  center  of  the  semicircle  with  a  vertically-polarized 
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magnetic  field  and  the  energy  propagating  radially  outward.  Any  alignment  of 
control  traces  with  a  rectangular  grid  would  result  in  anisotropic  in-plane  elec¬ 
tric  material  properties  with  a  different  material  tensor  orientation  relative  to  the 
propagation  direction  for  waves  in  different  regions  of  the  lens.  A  concentric  spiral 
arrangement  of  the  unit  cells  with  spiral  interconnecting  control  traces  will  also 
interact  with  the  in-plane  electric  field,  but  in  a  way  that  is  approximately  inde¬ 
pendent  of  incidence  angle.  Note  that  for  a  different  application  and  desired  wave 
propagation,  a  rectangular  grid  of  unit  cells  may  be  acceptable. 

Metamaterials,  as  periodic  structures,  are  described  by  their  unit  cells.  This  is 
convenient  for  design,  as  the  geometry  of  only  a  single  resonator  must  be  specified, 
but  is  also  convenient  for  simulation,  as  the  properties  of  a  slab  may  be  extrapolated 
from  the  response  of  one  or  a  small  number  of  individual  unit  cells.  However, 
periodic  unit  cells  cannot  be  used  to  generate  an  interconnected  circular  spiral  with 
a  uniform  resonator  density;  at  the  very  least,  the  control  traces  would  be  different 
as  the  radius  of  curvature  increased.  Hexagonal  unit  cells  may  be  used,  though,  to 
create  a  ha  If- hexagonal  tiling  that  is  a  good  approximation  to  a  circle,  illustrated 
in  Fig.  3.3.  Two  proto-tiles  are  required  -  one  with  a  180  degree  separation  between 
the  input  and  output  control  traces,  and  one  with  a  120  degree  separation.  These 
two  tiles,  arranged  in  a  spiral,  form  a  space-filling  curve  that  may  be  extended  as 
large  as  is  desired. 

With  hexagonal  unit  cells,  it  is  convenient  to  place  a  single  8-bit  shift  register 
in  a  small,  surface-mount  package  (SN74LV164)  at  the  center  of  each  tile,  and 
to  include  six  magnetic  loop  resonators  to  share  the  outputs.  The  centers  of  the 
loops  are  rotated  by  20  degrees  with  respect  to  the  vertices  of  the  hexagon  to 
obtain  a  more  uniform  distribution  of  resonators  within  the  metamaterial.  With 
this  configuration,  although  the  unit  cells  themselves  may  be  slightly  large  to 
be  considered  a  metamaterial  (approximately  A/6),  the  resonators  themselves  are 
electrically  small,  approximately  A/ 12. 

3.1.5  PCB  Design  and  Layout  Software 

The  vast  majority  of  microwave  and  RF  metamatcrials  are  designed  to  be  fabri¬ 
cated  using  printed-circuit  board  technology,  which  is  widely  available  and  rela- 
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Fig.  3.3:  Illustration  of  hexagonal  unit  cells  and  their  combinations.  Two  variants, 
the  (a)  unit  cell  with  straight  connection  and  the  (b)  unit  cell  with  a  bent  connec¬ 
tion  may  be  combined  in  a  space-filling  curve  to  form  a  (c)  hexagonal  spiral  lens, 
(d)  Orienting  the  resonators  within  each  triangle  yields  a  less  desirable  distribution 
than  does  (e)  rotating  the  resonators  within  each  unit  cell  by  20  degrees,  which 
provides  a  more  uniform  distribution  of  resonators  in  an  extended  array. 


tively  inexpensive.  The  use  of  a  PCB-based  manufacturing  approach  is  well-suited 
for  extending  to  electricallv-tunable  unit  cells,  as  the  active  components  and  con¬ 
trol  circuits  may  be  easily  included  in  the  design  and  manufactured  simultane¬ 
ously.  Some  of  the  standard  assumptions  and  practices  in  PCB  design  must  be 
re-evaluated  for  use  with  reconfigurable  metamaterials,  however.  The  use  of  a  blan¬ 
ket  soldermask  over  the  metamaterial  according  to  standard  PCB  design  practices, 
for  example,  produced  a  small  but  measurable  distortion  on  its  simulated  perfor¬ 
mance,  since  the  slightly  lossy  soldermask  layer  altered  the  resonant  frequency  of 
the  loop.  The  effect  of  the  losses  was  mitigated  by  only  applying  the  soldermask 
to  the  regions  immediately  surrounding  the  component  footprints,  which  allowed 
automated  surface-mount  assembly  tools  to  operate  normally.  For  simulation  pur¬ 
poses,  the  soldermask  was  modeled  as  a  0.4mil  layer  of  dielectric  with  er—4.5  and 
tan^=0.029.  This  parameterization  produced  close  agreement  with  the  measure¬ 
ment  results  when  the  soldermask  was  applied  to  the  entire  unit  cell  in  an  early 
prototype,  and  was  used  for  the  partial  soldermask  coverage  in  later  designs. 

The  available  design  software  that  can  handle  the  combination  of  the  meta- 
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material  unit  cells  with  PCB  traces  and  components  is  limited.  Reconfigiirable 
metamaterials  for  which  the  control  circuits  are  very  simple  or  integrated  into 
the  metamaterial  structure  itself  may  be  simple  to  draw  in  AutoCAD  or  other 
non-specialized  planar  drafting  tools,  or  to  generate  programmatically  via  a  script. 
However,  adding  spatial  control  over  the  metamaterial  properties  will  generally 
require  more  intricate  circuitry  for  which  a  specialized  software  tool  is  more  useful. 
Conventional  PCB  design  software  (for  example,  the  gEDA  design  suite)  does  not 
typically  support  easy  specification  of  the  exact  positioning  and  arbitrary  curvilin¬ 
ear  geometrical  shapes  required  to  implement  a  metamaterial  unit  cell.  Common 
PCB  design  rules  require  that  traces  follow  specified  grid  lines,  and  that  compo¬ 
nents  may  only  be  rotated  by  90  degree  increments  -  these  constraints  are  often 
undesirable  for  metamaterial  geometries.  These  tools  do  save  much  time  and  effort 
by  automatically  generating  valid  soldermask  and  solderpaste  layer  specifications 
and  the  component  placement  listing  to  allow  automated  assembly  and  soldering 
of  surface  mount  components,  however. 

Alternatively,  microwave  circuit  design  tools  such  as  Ansoft  Designer  allow 
arbitrary  placement  and  parameterization  of  nearly  all  geometrical  elements  on 
multiple  layers.  Their  support  for  component  footprints,  automated  trace  rout¬ 
ing,  and  editing  of  conventional  circuit  layouts  is  more  limited  in  practice,  though, 
increasing  the  difficulty  in  laying  out  the  control  circuit  designs.  All  PCB  draw¬ 
ings  shown  in  this  paper  were  created  using  Ansoft  Designer  together  with  custom 
Matlab  scripts  to  generate  the  tiled  copies  of  the  periodic  unit  cells,  as  well  as  the 
supplemental  design  documents  for  automated  PCB  assembly  (component  place¬ 
ment  and  bill  of  materials  files).  The  geometry  was  heavily  parameterized,  so  that 
unit  cell  dimensions  such  as  SRR  loop  radius  and  trace  width  could  be  changed 
without  regenerating  the  entire  layout. 

Graphical  design  software  for  vector  images  such  as  Inkscape  or  Adobe  Illus¬ 
trator  are  much  easier  to  use  for  creating  exact,  arbitrary  2D  geometry  and  have 
many  desirable  features  for  drawing  metamaterial  layouts,  including  the  ability  to 
tile  and  clone  unit  cells  to  form  a  large  panel.  However,  conversion  tools  are  not 
available  to  easily  convert  from  the  native  vector  drawing  formats  to  the  required 
Gerber  formatted  files  for  fabrication. 


54 


3.1.6  Bias  Supply  Regulation  and  Board-Level  Considera¬ 
tions 

Voltage  or  current-biased  components  will  be  sensitive  to  variations  in  the  supply 
levels.  At  a  board  level,  the  external  power  supply  may  be  regulated  to  ensure 
that  the  power  supplied  to  the  board  remains  constant  independent  of  load.  The 
designer  does  need  to  be  aware  of  current-related  voltage  droops  within  the  interior 
of  the  metamaterial  slab  that  may  cause  undesired  detuning.  Unlike  most  PCB 
designs,  which  allow  for  large  ground  traces  or  ground  planes  and  separate  layers 
for  each  power  supply  rail,  the  dimensions  of  the  supply  traces  (ground  and  voltage 
rail)  must  be  minimized  as  much  as  possible  in  the  reconfigurable  metamaterial. 

In  order  to  ensure  proper  voltage  regulation,  there  is  the  option  to  either  min¬ 
imize  the  voltage  droop  due  to  current  losses  by  reducing  current  and/or  reducing 
trace  resistance,  or  to  include  on-board  voltage  regulators  near  the  unit  cells.  The 
first  option,  as  a  passive  solution  to  the  problem,  is  feasible  for  the  shift  register- 
controlled  varactor  diode  configuration,  due  to  the  very  low  current  requirements 
of  the  shift  register.  An  initial  unit  cell  prototype  included  a  voltage  reference  and 
linear  regulator  on  each  unit  cell  to  ensure  that  the  varactor  biases  were  uniform 
throughout  the  metamaterial  slab,  but  this  substantially  increased  the  component 
count,  manufacturing  cost,  anti  distortion  in  the  effective  material  properties.  Once 
measurements  showed  that  the  resonant  frequency  of  the  resonators  was  not  as  sen¬ 
sitive  as  expected  to  small  variations  in  the  varactor  bias  voltage,  the  on-board 
voltage  regulators  were  removed  from  future  designs. 

3.2  Initial  Metamaterial  Design  and  Prototype 

The  first  metamaterial  design  was  created  based  on  some  of  the  considerations 
described  above,  and  many  of  the  remaining  factors  were  determined  through 
the  fabrication  and  testing  of  this  initial  design.  Choosing  a  resonant  magnetic 
metamaterial  at  RF-microwave  frequencies  implies  the  use  of  some  variant  of  the 
split-ring  resonator,  which  may  be  modeled  as  resonant  LC  circuits.  The  resonant 
frequency  will  then  be  adjusted  during  design  by  changing  either  the  inductance 
or  capacitance  of  the  structure,  usually  by  altering  the  geometry  (loop  dimensions, 
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substrate  thickness  or  material)  of  the  structure.  Geometric  tuning  is  not  an  option 
for  a  reconfigurable  metamaterial,  however.  For  low  frequency  applications  or  those 
where  the  unit  cell  size  is  greatly  constrained,  lumped  elements  have  been  placed 
in  the  gap  of  simple  SllR  elements  to  add  capacitance  or  inductance  [80].  Using 
an  electrically  tunable  variable  capacitance  or  switch  instead  of  a  static,  passive 
lumped  element  can  allow  for  tuning  the  resonant  frequency  of  the  metamaterial. 
Varactor  diodes  are  a  practical  choice;  most  specifically,  the  common-cathode  var¬ 
actor  diode.  Reconfiguring  the  metamaterial  resonance  frequency  is  achieved  using 
Skyworks  SMV1247  Hyperabrupt  Silicon  varactor  diodes,  which  have  a  capacitance 
that  changes  from  8  pF  to  0.8  pF  for  lv  and  5v  reverse  bias  voltages  respectively. 
The  silicon  varactors  have  higher  losses  than  high-performance  GaAs  diodes,  but 
the  performance  is  good  enough  for  an  initial  prototype  demonstration.  An  ideal 
implementation  would  use  unpackaged  GaAs  varactor  dies  bonded  directly  to  the 
PCB  to  eliminate  parasitic  impedances;  this  is  impractical  for  the  initial  proof-of- 
concept  device,  however.  A  common  cathode  varactor  diode  pair  in  a  single-split 
ring,  as  in  Fig.  3.4(b),  was  found  to  be  a  more  practical  configuration  than  the  use 
of  a  single  varactor  with  a  dual-split  loop,  as  in  Fig.  3.4(a).  The  dual-split  loop 
with  either  a  discrete  or  distributed  (microstrip,  interdigitated)  second  capacitor 
suffers  a  decreased  tuning  range  of  the  effective  loop  capacitance  due  to  the  series 
combination  of  a  fixed  with  a  tunable  capacitor.  Using  two  discrete  single-ended 
tunable  varactors  to  create  a  dual-split  loop  would  not  reduce  the  tuning  range, 
but  increasing  the  component  count  is  undesirable.  Thus,  the  single  split  with  a 
single  common  cathode  varactor  simplifies  construction  by  requiring  only  a  single 
tunable  component  while  maintaining  the  maximum  tuning  range.  For  designs  us¬ 
ing  either  the  single  or  common  cathode  packages,  the  reverse  bias  voltage  must  be 
applied  to  the  varactor  and  loop  through  RF-isolating  lumped  inductors  or  chokes. 

3.2.1  Control  Signals 

An  array  of  shift  registers  was  selected  as  the  control  method.  The  resonators  with 
associated  varactors  and  inductors  are  grouped  into  hexagons  in  sets  of  six  to  share 
an  8-bit  shift  register.  The  shift  registers  require  power  and  ground  references, 
as  well  as  a  control  signal  (data)  clock  line,  and  bias  line.  The  hexagonal  unit 
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Fig.  3.4:  Loop  resonators  employing  both  (a)  individual  varactor  diodes  and  (b) 
a  paired  common  cathode  varactor  diode.  The  common  cathode  configuration  has 
better  tuning  range  than  a  single  varactor  with  second  capacitive  gap  and  does 
not  require  an  additional  lumped  element. 


cells  (hexes)  were  cascaded  in  a  hexagonal  spiral  as  described  in  section  2.2.5  in 
order  to  provide  the  power,  ground,  data,  and  clock  lines  to  each  unit  cell.  In 
this  configuration,  every  varactor  is  individually  addressable  to  allow  for  arbitrary 
tuning  of  the  effective  shape  of  the  lens. 

The  unit  cell  and  resonator  dimensions  and  properties  are  chosen  by  parameter 
study,  since  there  is  no  analytical  solution  available  for  the  fields  in  the  metamate¬ 
rial  and  the  simulations  are  too  lengthy  to  use  global  optimization  algorithms.  The 
metamaterial  was  designed  with  a  Rogers  R04003  substrate,  and  was  later  changed 
to  use  FR403  as  an  inexpensive  but  slightly  more  lossy  alternative.  Simulations  of 
the  rings  alone  (i.e.,  ignoring  the  additional  lumped  elements  and  control  traces) 
to  reduce  the  simulation  time  are  first  performed  to  choose  the  appropriate  loop 
dimensions  for  resonance.  After  an  approximate  design  has  been  selected  and  the 
effective  material  response  at  the  target  frequency  switches  between  near-ZIM  and 
near-free  space  with  the  two  varactor  states,  the  additional  traces  are  imported 
into  HFSS  from  the  PCB  layout  tool  and  the  simulations  repeated  to  confirm  the 
results.  Comparing  the  simulated  effective  permeability  results  in  Fig.  3.5  and 
Fig.  3.6,  it  is  seen  that  although  the  extra  control  circuitry  does  distort  the  meta¬ 
material  response,  as  expected,  the  primary  magnetic  resonance  responsible  for  the 
ZIM  behavior  is  still  present. 
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Fig.  3.5:  Predicted  permeability  of  the  split-ring  resonators  and  varactors  alone. 


Fig.  3.6:  Predicted  permeability  of  initial  prototype  metamaterial  including  the 
effects  of  the  control  circuitry  and  additional  lumped  elements. 
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3.2.2  Control  and  Bias  Circuitry 

The  circuit  schematics  for  each  hex  cell  are  shown  in  Fig.  3.7  and  Fig.  3.8.  The 
circuit  design  shows  headers  for  propagating  the  power,  ground,  data,  and  clock 
lines  between  unit  cells,  and  the  shift  register  for  controlling  the  switch  states 
within  the  unit  cells.  Decoupling  capacitors  were  provided  for  the  clock  and  data 
lines.  The  values  were  chosen  to  be  small  enough  such  that  the  distributed  capac¬ 
itance  of  the  accumulated  elements  would  not  degrade  the  clock  signal,  yet  large 
enough  to  prevent  strong  currents  from  circulating  through  the  bias  lines.  The 
shift  register  is  powered  at  Vdd  —  5r;,  and  the  required  lv  and  5v  voltage  levels 
are  created  using  a  resistive  voltage  divider  for  each  loop  (Fig.  3.8).  One  end  of 
the  voltage  divider  is  tied  to  the  +5v  rail,  and  the  other  fed  by  the  shift  register, 
while  the  varactor  bias  level  is  taken  from  the  center  tap.  By  using  a  4  :  1  ratio 
of  resistances  in  the  voltage  divider,  the  bias  level  at  the  center  will  be  5v  for 
a  5v  control  signal,  and  lv  for  a  Ov  control  signal.  The  varactor  consumes  very 
little  or  zero  current,  so  relatively  high  resistor  values  may  be  chosen  to  reduce  the 
quiescent  current  through  the  voltage  divider.  An  alternative  solution  for  gener¬ 
ating  the  bias  voltages  using  Zener  diodes  for  each  resonator  in  order  to  achieve 
increased  bias  voltage  accuracy  was  investigated,  but  the  Zener  diodes  increased 
the  current  requirements  by  an  excessive  amount,  as  well  as  the  component  cost, 
without  greatly  increasing  performance  over  including  a  single  voltage  regulator 
within  the  hex  to  combat  voltage  droop  throughout  the  lens. 

The  restricted  widths  of  the  current-carrying  traces  through  the  metamaterial 
and  the  estimated  current  requirements  of  the  loops  made  voltage  droop  through 
the  lens  a  valid  design  consideration.  Due  to  the  presumed  sensitivity  of  the 
varactor  diodes  to  small  voltage  variations  and  the  requirement  that  the  lens  behave 
as  a  homogeneous  structure,  precision  voltage  sources  were  used  in  each  unit  cell  to 
generate  a  5v  level  relative  to  the  provided  6-7v  Vdd  power  supply  rail.  The  voltage 
reference  was  achieved  using  a  low-current  shunt  voltage  regulator  (LMV431)  in 
a  pseudo-Zener  circuit  configuration.  Despite  the  choice  of  a  low-current  device, 
the  voltage  regulator  still  turned  out  to  have  the  largest  current  requirements  in 
the  circuit  design.  Later  measurements  of  the  prototype  demonstrated  that  the 
varactor  sensitivity  was  not  as  extreme  as  expected,  and  the  reduction  of  the 
current  requirements  from  the  voltage  regulators  would  significantly  alleviate  the 
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voltage  droop  and  allow  consistent  voltage  references  without  the  per-hex  voltage 
regulators. 


Cylens  -  Hexagonal 

Tunable  ZIM  Unit  Cell 

nie  untteetfech 

«£v*lO*  2 

PAOf  1  OF  2 

pv  Jeremy  T urprt  ( jptl  99®psti  edu  ) 

Fig.  3.7:  Initial  prototype  unit  cell  circuit  schematic. 


3.2.3  PCB  Layouts  and  Simulations 

The  PCB  layouts  of  the  unit  cell  design  based  on  the  schematics  are  shown  in 
Fig.  3.9.  This  layout  was  created  using  the  open-source  gEDA  PCB  tool.  The 
software  tool  was  capable  of  performing  the  design,  but  was  non-optimal  for  con¬ 
structing  a  PCB  layout  in  which  precise  positioning  and  rotation  operations  were 
required;  future  PCB  designs  were  performed  using  Ansoft  Designer. 

Periodic  simulations  of  the  hexagonal  unit  cell,  including  the  control  traces  and 
lumped  elements,  were  performed  in  Ansoft  IIFSS  for  the  full-wave  simulations, 
and  used  the  Matlab  RF  Toolbox  to  compute  the  effective  response  of  the  sys¬ 
tem  including  the  effect  of  the  tunable  lumped  varactors,  which  were  incorporated 
into  the  simulation  results  using  the  RF  port  Substitution  technique,  which  is  il- 
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Fig.  3.8:  Schematic  of  the  each  of  the  loop  elements  in  the  prototype  unit  cell. 


Fig.  3.9:  Original  Hex  cell  PCB  layout. 
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lustrated  in  Fig.  3.10.  HFSS  does  not  support  the  inclusion  of  arbitrary  circuit 
components  (other  than  parallel  RLC  boundary  conditions)  into  a  simulation  but 
the  effects  of  near- arbitrary  2-port  network  elements  (with  behavior  determined 
by  a  frequency- dependent  S-parameter  matrix)  on  the  scattering  parameters  of 
a  larger  structure  may  be  incorporated  by  placing  a  single  lumped  port  at  the 
location  in  the  simulation  where  the  network  effects  should  be  inserted.  The  Mat- 
lab  RF  Toolbox  contains  functions  for  manipulating  S-parameter  matrices,  but 
the  functions  required  to  perform  the  port  substitution  procedure  may  be  easily 
rewritten  based  on  network  theory.  The  two-port  representation  of  the  network  el¬ 
ement  is  first  terminated  at  one  port  by  a  short  circuit.  The  requirement  to  short 
the  second  port  means  that  simulations  of  shunt  networks  will  not  be  accurate 
with  this  technique.  The  equivalent  port  in  the  N-port  scattering  matrix  from  the 
HFSS  simulation  results  is  then  terminated  by  the  impedance  determined  by  the 
single-port  scattering  matrix  of  the  shorted  network  element.  The  remaining  (N- 
l)-port  scattering  matrix  describes  the  behavior  of  the  simulated  system  with  the 
network  elements  inserted  into  their  proper  place  in  the  circuit.  This  procedure 
may  be  repeated  in  order  to  include  independent  sets  of  network  responses,  as  well. 
A  limitation  of  Mat  lab’s  RF  toolbox  implementation  is  that  all  of  the  ports  in  the 
design  must  be  normalized  to  the  same  impedance,  which  means  that  all  of  the 
lumped  ports  in  the  design  will  be  generally  normalized  to  376  D  when  using  a 
floquet  port  as  the  primary  excitation.  This  limitation  does  not  apply  when  using 
Ansoft  Designer  to  perform  the  port  substitution,  as  it  does  support  the  use  of 
Touchstone  (*.snp)-formatted  files  with  nonuniform  port  impedances.  Designer  is 
simpler  to  use  for  extracting  the  effective  simulation  response  when  including  ar¬ 
bitrary  lumped  elements,  but  Matlab  is  more  well-suited  for  automating  the  data 
extraction  and  processing  procedures. 

3.2.4  Prototype  Fabrication  and  Assembly 

Several  copies  of  the  prototype  metamaterial  unit  cell  were  fabricated  on  an  in¬ 
expensive  FR4  substrate  in  order  to  test  accuracy  of  the  simulation  models.  A 
quick-turn  PCB  vendor  (Advanced  Circuits)  was  used  to  fabricate  the  bare  board 
design  in  Fig.  3.11,  with  the  finished  board  in  Fig.  3.12. 
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F:  Floquet  Port  Mode 


Fig.  3.10 


Fig.  3.11:  Fabricated  PCB  board  layout,  designed  using  the  gEDA  open-source 
electronics  design  package. 
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Fig.  3.12:  Fabricated  PCB  board  as  received  from  the  manufacturer. 
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To  reduce  prototype  expenses,  the  board  was  hand-assembled  and  soldered  at 
Penn  State.  Individual  hexes  were  removed  from  the  PCB  using  a  hacksaw  and 
hand-populated  with  solder  paste  and  components  before  being  cycled  through  the 
reflow  oven.  Fig.  3.13  and  Fig.  3.14  show  photographs  of  the  assembly  process. 


(a)  Practice  solder  paste 
application  on  the  varac¬ 
tor  footprints. 


(b)  Practice  solder 
paste  application  on 
the  narrow-pitch  shift 
register  pads. 


Fig.  3.13:  Practice  solder  paste  application. 


(a)  Reflow  oven  used  for 
the  assembly  process. 


(b)  Top  side  of  assembled 
unit  cell. 


(c)  Bottom  side  of  assem¬ 
bled  unit  cell. 


Fig.  3.14:  Soldering  and  manufactured  sample. 


3.3  Initial  Metamaterial  Prototype  Characteri¬ 
zation 

The  fabricated  and  assembled  unit  cells,  shown  in  Fig.  3.15,  were  measured  and 
compared  to  simulation  results  in  order  to  correct  the  measurement  model  and 
ensure  a  functional  final  design. 


65 


Fig.  3.15:  From  left  to  right,  a  dual-sided  loops-only  sample,  a  front  loops-only 
sample,  a  back  loops-only  sample,  an  unpopulated  board,  a  variable-bias  sample 
with  all  varactors  biased  identically  directly  from  the  supply  lines,  and  a  full  hex 
with  independently-controlled  varactors.  Note  “he  ferrite  beads  on  the  supply 
lines  on  the  two  rightmost  samples  that  were  required  to  prevent  RF  energy  from 
coupling  into  the  supply  lines  and  distorting  the  measurements. 


Measurements  of  the  prototype  unit  cell  yielded  valuable  information  on  pos¬ 
sible  simplifications  for  the  final  design.  The  individual  voltage  regulators  in  each 
unit  cell  had  been  included  in  order  to  minimize  the  de-tuning  effect  of  vodage 
variations  throughout  the  lens  due  to  resistive  losses  in  the  PCB  traces.  However, 
the  extremely  low  current  requirements  of  the  control  circuitry  limits  the  possible 
voltage  droop  throughout  a  reasonably-sized  prototype  lens,  and  measurements  of 
the  prototype  metamaterial  as  well  as  the  varactors  showed  that  the  RF  response 
was  not  sensitive  to  small  changes  in  supply  voltage.  The  voltage  regulator  was 
removed  in  the  revised  unit  cell  design  zo  reduce  the  number  of  components,  vias, 
and  traces.  The  resistive  voltage  dividers  included  in  the  original  design  to  pro¬ 
vide  the  lv  and  5v  bias  levels  were  also  eliminated  through  the  inclusion  of  an 
additional  -lv  supply  in  addition  to  +4v  and  ground.  The  extra  supply  line  for 
a  prototype  not  only  reduces  the  component  count  for  each  unit  cell,  but  is  also 
beneficial  for  the  abilhy  to  independently  adjust  the  on  and  off  bias  levels  of  the 
varactors  for  real-time  frequency  tuning  of  the  metamaterial  resonance. 

Since  a  free-space  characterization  technique  was  not  available  to  measure  the 
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response  of  the  unit  cells  directly,  two  alternative  measurement  fixtures  were  fabri¬ 
cated,  tested,  and  used  to  measure  the  unit  cell  response  against  simulations  of  the 
same  configuration.  The  waveguide  measurements  allowed  two-port  analysis  of  the 
unit  cell  when  exciting  the  structure  wTith  a  perpendicular  magnetic  field  the  TE10 
waveguide  mode,  and  a  metamaterial-loaded  monopole  antenna  provided  1-port 
measurement  data  as  an  aid  to  confirming  the  simulation  results  of  the  waveguide. 
In  addition,  several  additional  microstrip  test  fixtures  wrere  designed  and  manufac¬ 
tured  to  assist  in  characterization  of  the  varactor  diodes  to  correct  modeling  errors 
due  to  insufficient  data  from  the  data  sheets. 

3.3.1  Waveguide  test  fixture  design  and  construction 

A  waveguide  is  the  closest  configuration  possible  to  the  periodic  unit  cell  simula¬ 
tions  performed  using  HFSS  without  creating  artificial  magnetic  conducting  walls 
to  create  a  more  complete  equivalent.  The  hexagonal  unit  cells  may  be  inserted 
into  the  waveguide  with  the  loops  oriented  perpendicular  to  the  direction  on  energy 
flow  so  that  the  TE10  magnetic  field  interacts  with  the  loops.  The  magnetic  field 
of  the  lowest-order  TE10  waveguide  mode  is  nearly  uniform  in  the  center  of  the 
waveguide,  making  it  a  desirable  test  configuration.  To  be  an  effective  measure¬ 
ment  system,  various  geometric  constraints  exist  on  the  waveguide  dimensions.  It 
is  desirable  that  the  height  of  the  waveguide  be  close  to  or  match  the  height  of  the 
hexagonal  unit  cell,  so  that  the  entire  unit  cell  interacts  with  all  of  the  energy  in 
the  waveguide.  For  this  reason,  the  internal  height  of  the  waveguide  was  fixed  at 
26  mm  .  The  width  of  the  waveguide  a  determines  the  TE10  and  the  next  higher 
TE20  mode  cutoff  frequencies  according  to  3.1. 

Tfl 

(fc,TE)m  0  =  C3-1) 

A  width  of  86  mm  yields  a  cutoff  frequency  of  (/c)io  =  1-7  GHz  ,  with 
(fc) 20  =  3.5  GHz  ,  with  a  single-mode  bandwidth  of  1.7  GHz  roughly  centered 
at  the  2.5  GHz  metamaterial  design  frequency. 

An  86x26  mm  waveguide  is  not  a  standard  waveguide  dimension,  nor  close  to 
a  standard  dimension  of  any  metal  tubes  or  rods.  Thus,  a  custom-manufactured 
waveguide  w^as  required.  Since  calibration  of  the  waveguide  characteristics  to  an 
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internal  reference  plane  would  be  required,  a  relatively  conventional  waveguide 
system  would  be  required,  including  bolted  flanges  and  coaxial  transitions.  The 
Learning  Factory  operated  by  the  College  of  Engineering  at  Penn  State  provides 
students  with  tools  and  equipment  for  metal  fabrication,  including  milling  ma¬ 
chines  and  welding  equipment.  For  this  project,  I  became  certified  for  use  on  the 
metalworking  and  welding  tools,  obtained  scrap  plate  aluminum  from  the  learning 
factory,  and  manufactured  the  custom  waveguide  that  was  required  for  this  project. 
Fig.  3.16  shows  the  waveguide  construction  plan  and  the  different  pieces  required. 
Four  waveguide  components  were  manufactured;  two  3.5  mm  SMA  coaxial-to- 
waveguide  transitions,  one  short  section  with  longitudinal  slots  for  holding  the 
circuit  board,  and  one  long  section  to  be  filled  with  lossy  foam  to  serve  as  a 
matched  load.  The  coaxial- to- waveguide  transitions  were  designed  using  simula¬ 
tions  to  test  the  performance  of  different  feed  probe  designs  and  locations  within 
the  waveguide.  Since  the  waveguide  is  not  of  standard  dimensions,  there  were  no 
exact  designs  available  for  constructing  the  transition,  which  used  vertical  coaxial 
probes  to  excite  the  waveguide.  Simulations  showed  high  sensitivity  to  the  exact 
position  of  the  probe  relative  to  the  shorted  termination  of  the  waveguide,  so  the 
shorted  end  of  the  waveguide  transitions  were  constructed  with  movable  shorting 
plates  that  could  be  adjusted  to  fine-tune  the  electrical  response  of  the  transitions. 
The  adjustment  range  was  selected  by  simulations.  The  length  of  the  coaxial  probe 
was  trimmed  to  give  an  acceptable  response  once  the  waveguide  was  fully  manu¬ 
factured  and  characterized  using  the  network  analyzer.  Images  of  the  construction 
and  assembly  process  are  shown  in  Fig.  3.17.  Fig.  3.18,  Fig.  3.19  and  Fig.  3.20,  and 
the  completed  waveguide  components  in  Fig.  3.21.  Fig.  3.22  shows  the  assembled 
waveguide  test  fixture  with  the  feed  connections  and  calibration  planes  for  the 
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Fig.  3.16:  Two  pieces  each  of  the  top  and  side  panels  are  needed  to  construct 
the  four  sections  of  waveguide.  The  cross-section  of  the  waveguide,  including  the 
flange,  is  shown  at  the  bottom. 
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(a)  Tapping  screw  holes  b)  Milling  out  the  center 
into  the  rectangular  of  the  waveguide  mount- 
shorting  plate.  ing  brackets 


(c)  Squaring  off  the  cor¬ 
ners  of  the  mounting 
brackets 


Fig.  3.17:  Photographs  of  the  waveguide  machining  process. 


(a)  Collection  of  ma¬ 
chined  pieces,  ready  for 
welding. 


(b)  The  four  sides  of  the 
waveguide  are  attached 
to  the  shorting  block  by 
screws  to  maintain  shape 
during  welding. 


Fig.  3.18:  Photographs  of  the  finished  components. 
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(a)  Initial  small  tack 
welds  secure  the  waveg¬ 
uide  sides  without  dis¬ 
torting  the  plates  with 
excessive  heat. 


(b)  After  all  four  corners 
were  tacked,  a  solid  bead 
was  made  to  finish  each 
joint. 


Fig.  3.19:  Photographs  of  the  waveguide 


(a)  After  welding,  the 
corners  of  the  two 
pieces  of  waveguide  were 
ground  off  and  rounded. 


(b)  The  two  lengths  of 
tubing  were  divided  into 
four  components:  two 
feed  sections,  a  matched 
load  section,  and  a  sam¬ 
ple  holder. 


(c)  The  final  waveguide 
tube  has  a  clean  in¬ 
terior,  with  no  burn- 
through  or  visible  heat- 
related  warping. 

welding  process. 


(c)  The  shorting  block  lo¬ 
cation  is  controlled  with 
the  screw  and  bracket 
mounted  at  the  end  of 
each  feed  section. 


Fig.  3.20:  Photographs  of  the  waveguide  assembly. 
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(a)  The  coaxial  probes 
were  extended  using 
wire-wrap  connectors  to 
provide  better  coupling 
into  the  waveguide. 


(b)  The  completed 
waveguide 


Fig.  3.21:  Photographs  of  the  waveguide. 


Fig.  3.22:  Waveguide  measurement  configuration. 
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3.3.2  Monopole  test  fixture  design  and  construction 


Initial  measurement  results  using  the  waveguide  proved  difficult  to  interpret  and 
compare  with  the  simulations  until  a  proper  calibration  routine  was  implemented 
and  improved  varactor  models  included  into  the  simulations.  Meanwhile,  a  sepa¬ 
rate  measurement  fixture  was  constructed  by  loading  a  resonant  monopole  antenna 
with  the  magnetic  metamaterial  and  comparing  the  measured  and  simulated  return 
loss  from  the  monopole.  This  test  fixture  was  much  simpler  than  the  waveguide 
to  design  and  construct,  and  easier  for  results  comparison,  but  also  provided  less 
data  than  the  two-port  waveguide  measurements. 

The  monopole  fixture  was  constructed  from  a  140  mm  x  140  mm  ^  copper 
plate,  which  is  approximately  one  free-space  wavelength  at  2  GHz  .  A  hole  was 
drilled  in  the  middle  of  the  plate  for  the  probe  of  an  coaxial  SMA  connector, 
which  was  screwed  to  the  plate.  Soldering  with  a  conventional  soldering  iron  (the 
original  plan)  was  ineffectual,  flue  to  the  massive  heat  capacity  of  the  solid,  thick 
copper.  A  2  mm  x  35  mm  slot  was  cut  into  the  plate  adjacent  to  the  probe  for  the 
metamaterial  samples.  A  long  copper  wire  was  soldered  to  the  SMA  probe,  and 
trimmed  to  resonate  at  2.8  GHz  .  The  measurements  were  then  performed  after 
performing  calibration  with  the  SMA  standards.  Fig.  3.23  shows  photographs  of 
the  monopole  measurement  fixture. 


(a)  Original, 

untrimmed 
monopole  con¬ 
nected  to  network 
analyzer. 


(b)  Monopole  trimmed  to  res¬ 
onate  near  the  2.5  GHz  fre¬ 
quency  band  for  maximum  re¬ 
sponse 


(c)  Monopole  with  loops- 
only  sample 


Fig.  3.23:  Photographs  of  the  monopole  test  fixture  fabrication  and  use. 
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3.3.3  Microstrip  bias  tee  design  and  construction 

Circuit  models  of  the  varactors  used  in  the  prototype  that  were  constructed  us¬ 
ing  Ansoft  Designer  and  SPICE  with  the  circuit  parameters  as  provided  in  the 
manufacturer  data  sheets  were  not  found  to  be  sufficiently  accurate  for  predictive 
modeling  of  the  metamaterial  response.  For  this  reason  (and  several  other  simula¬ 
tion  discrepancies)  the  initial  prototype  metamaterial  that  was  designed  using  this 
inaccurate  varactor  model  did  not  have  the  predicted  ZIM  response  when  mea¬ 
sured.  To  correct  the  discrepancy,  a  microstrip  TRL  calibration  standard  and  a 
pair  of  wideband  microstrip  bias-tee  junctions  were  designed  and  fabricated  for 
the  2-3  GHz  range.  Measurements  of  the  varactor  response  using  these  standards 
were  then  used  for  later  modeling  efforts.  The  measured  scattering  parameters 
of  the  varactors  were  incorporated  into  the  HFSS  results  with  the  port  substitu¬ 
tion  post-processing  technique  available  using  the  Matlab  RF  Toolbox  or  Ansoft 
Designer. 

In  order  to  measure  the  varactor  response  using  a  microstrip  test  fixture  con¬ 
nected  to  a  network  analyzer  via  SMA  connectors,  a  DC  bias  needed  to  be  injected 
into  the  RF  signal.  None  of  the  network  analyzers  that  were  available  included 
a  built-in  bias  tee  junction  for  that  purpose,  so  a  simple  microstrip  bias  tee  was 
designed  in  Ansoft  Designer  and  fabricated  from  a  piece  of  Rogers  substrate.  A 
bias  tee  is  a  three-port  network  device  with  ports  1  and  2  connected  for  RF,  ports 
2  and  3  connected  for  DC,  and  port  3  isolated  from  RF.  They  can  be  constructed 
from  microstrip  distributed  elements  or  from  lumped  elements,  but  a  mixed  ap¬ 
proach  worked  best  for  the  relatively  low  microwave  frequencies  of  interest  around 
2.5  GHz  . 

The  microstrip  design  in  Fig.  3.24  uses  a  quarter-wave  section  of  high-impedance 
microstrip  and  a  pair  of  fan-shaped  wideband  quarter- wave  shorts  to  isolate  the  DC 
port  from  the  RF  lines.  The  traces  were  designed  for  a  31mil  Rogers  RO5880  RF 
substrate  using  Ansoft  Designer  to  compute  the  trace  widths  for  a  good  impedance 
match.  Fig.  3.25  shows  the  predicted  scattering  response  of  the  design,  demon¬ 
strating  the  very  high  isolation  from  either  of  the  RF  ports  to  the  DC  port.  The 
high  isolation  means  that  the  impedance  of  the  DC  source  connected  to  the  third 
port  will  not  affect  the  RF  behavior.  There  is  also  very  high  transmission  between 
the  RF  ports.  A  pair  of  bias  tees  as  well  as  the  microstrip  test  fixtures  for  the 
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varactors  were  etched  on  a  Rogers  substrate,  with  a  photograph  in  Fig.  3.26,  and 
the  measured  response  of  the  bias  tee  shown  in  Fig.  3.27.  There  is  very  good 
agreement  between  the  predicted  response  and  the  measurements,  with  low  return 
loss  surrounding  the  2.5  GHz  band  of  interest.  The  pair  of  manufactured  bias  tees 
was  used  to  measure  the  varactor  magnitude  response  by  calibrating  to  the  tips 
of  the  microstrip  networks  and  injecting  the  same  bias  level  into  both  sides  of  the 
varactor,  and  used  together  with  the  microstrip  TRL  calibration  fixture  in  order 
to  make  accurate  measurements  of  both  the  phase  and  magnitude  response  of  the 
varactors. 

During  initial  measurements  of  the  manufactured  bias  tees  and  later  of  the 
varactors  themselves,  it  was  discovered  that  the  measured  response  was  sensitive 
to  the  strain  exerted  on  the  test  fixtures  through  the  coaxial  cables,  since  the  thin 
and  flexible  substrate  was  easily  deformed  by  the  stiff  coaxial  cables.  The  bias  tees 
were  stiffened  to  alleviate  the  measurement  errors  by  attaching  the  substrates  to 
small  pieces  of  aluminum  plate  with  screws. 

3.3.4  Microstrip  test  fixture  design  and  construction 

Accurate  measurement  of  both  the  phase  and  magnitude  responses  of  the  varac¬ 
tor  diodes  is  essential  for  use  of  the  measured  data  in  the  simulations.  However, 
the  simple  measurement  fixtures  in  Fig.  3.26  are  not  sufficiently  accurate  to  ob¬ 
tain  a  good  result.  Since  the  calibration  planes  for  the  measurement  are  at  the 
coaxial  connectors,  not  at  the  pins  of  the  varactor,  the  phase  response  is  incor¬ 
rect.  Attempts  to  perform  a  pseudo-calibration  by  a  simple  de-embedding  of  the 
additional  length  of  microstrip  was  not  successful.  A  50  Cl  microstrip  calibration 
fixture  was  designed  and  fabricated  to  correct  this  deficiency.  Using  the  TRL  cal¬ 
ibration  model,  three  microstrip  standards  (thru,  reflect,  and  line)  were  required. 
The  thru  standard  requires  a  microstrip  line  the  same  length  as  the  two  lines 
in  the  measurement  fixture.  An  open  (stub)  microstrip  line,  the  same  length  as 
one  of  the  measurement  fixture  lines,  suffices  for  the  reflect  standard.  The  line 
standard  requires  an  additional  length  corresponding  to  an  electrical  length  20  to 
160  degrees  throughout  the  calibration  band,  which  limits  the  bandwidth  of  the 
calibration  standard.  Fig.  3.28  shows  the  fixture  design,  which  contains  two  mea- 
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Fig.  3.24:  Bias  Tee  layout  and  design. 


76 


2-3  GHz  Bias  Tee  Design  Response 


Fig.  3.25:  Designed  performance  for  the  microstrip  bias  tee.  Note  the  low  insertion 
loss  and  extremely  high  isolation  between  the  RF  and  DC  ports. 


Fig.  3.26:  Fabricated  microstrip  Bias  Tee  components  and  initial  varactor  mea¬ 
surement  fixture. 
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Fig.  3.27:  Measured  and  simulated  responses  of  the  bias  tee  show  good  agreement 
and  low  insertion  loss  within  the  2-3  GHz  design  band. 


surement  fixtures  for  the  varactors,  two  open  circuit  standards,  one  line  standard, 
and  one  thru  standard.  The  design  was  etched  onto  a  31mil  Rogers  RO5880  RF 
substrate,  with  the  finished  structure  shown  in  Fig.  3.29.  An  aluminum  backing 
was  constructed  for  the  microstrip  TRL  standard  to  prevent  measurement  error 
and  uncertainty  due  to  flexing.  The  TRL  standard,  together  with  the  previously- 
constructed  bias  tees,  were  used  with  the  standard  TRL  program  included  with 
the  network  analyzer  to  accurately  measure  the  scattering  response  of  the  varactor 
diodes. 


DUT  Terminals  7mm  Line  Standard  Open  Standard 


Fig.  3.28:  Fabricated  microstrip  Bias  Tee  components  and  initial  varactor  mea¬ 
surement  fixture. 


78 


(a)  Etched 


(c)  Assembled 


(d)  Measurement  Setup 


(b)  Machined 


Fig.  3.29:  Photographs  of  the  microstrip  test  fixture  fabrication  and  use. 
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3.3.5  Measurement  and  Simulation  Deembedding  and  Cal¬ 
ibration 

Both  the  waveguide  and  the  microstrip  measurements  required  calibration  for  ac¬ 
curate  measurements  of  the  response  of  the  metamaterial  hex  or  varactor  samples, 
in  order  to  cancel  out  the  response  of  the  coaxial  transitions  and  other  fabrication 
inaccuracies.  Examining  the  literature  showed  several  possible  calibration  and 
pseudo-calibration  techniques  that  had  been  used  for  improving  measurement  ac¬ 
curacy.  Due  to  the  simplicity  of  the  mathematical  and  software  implementations, 
the  bisection  method  was  the  first  attempted  [81],  [82].  However,  this  did  not  yield 
acceptable  results. 

The  TRL  (Thru/Reflect/Line)  calibration  technique  proved  to  be  the  best  op¬ 
tion  for  calibrating  the  waveguide  and  microstrip  measurements,  in  part  due  to 
the  ability  to  use  partially-characterized  and  roughly-fabricated  calibration  stan¬ 
dards  without  loss  of  accuracy.  The  built-in  TRL  calibration  routine  was  used 
for  measurements  on  the  Vector  Network  Analyzer  (VNA),  but  a  custom  software 
implementation  was  developed  for  calibration  of  the  simulation  results  for  apples- 
to-apples  comparison  to  the  calibrated  measurements.  The  calibration  algorithm 
is  described  below.  The  VNA  calibrations  of  the  microstrip  and  waveguides  re¬ 
quired  different  Reflect  standards,  since  an  open  is  best  for  the  microstrip  case, 
and  the  short  used  for  the  waveguide.  The  original  VNA  settings  expected  a  short 
circuit  as  the  reflect  standard,  which  resulted  in  a  phase  offset  error  for  the  first 
measurement  of  the  varactor  response. 

3.3.5. 1  TRL  Calibration  Algorithm 

The  outline  of  the  following  TRL  algorithm  was  pieced  together  from  several 
sources  [83]— [86] ,  none  of  which  provided  complete  details.  Much  of  the  algebra 
and  numeric  tests  determined  during  this  work. 

A  VNA  measurement  M  of  some  Device  Under  Test  (DLTT)  with  response  A 
which  is  desired  to  be  measured  may  be  written  as  the  cascade  connection  of  three 
2-port  systems  as  illustrated  in  Fig.  3.30,  consisting  of  the  two  adapter  networks 
X  and  y,  which  contain  all  of  the  network  analyzer,  cable,  mounting  hardware 
response,  and  the  DUT.  The  VNA  calibration  problem  may  be  expressed  as  finding 
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the  network  descriptions  of  the  two  adapters  so  that  the  DUT  network  parameters 
may  be  extracted.  It  is  convenient  to  express  the  network  parameters  of  the  system 
as  T-parameters,  so  that  the  cascaded  systems  may  be  represented  as  a  product 
of  matrices. 


M  =  XAY 
A  =  X~xMY~l 

where  the  X  and  Y  terminal  responses  have  the  form 


and 


X  =  — 
eio 


-Ax 

— en 


eoo 

1 


Sx  = 


eoo  ?oi 
eio  en 


y  =  -L 

^  32 


SY  = 


-Ay 

~  ^33 

^22  e23 

^32  ^33 


^22 

1 


Ax  —  ^00^11  —  ^01^10 

Ay  =  ^22^33  ~  ^23^32 


(3.2) 

(3.3) 


(3.4) 

(3.5) 

(3.6) 

(3.7) 

(3.8) 

(3.9) 


VNA  Measurement  Left  Adapter  Device  Under  Test  Right  Adapter 


(a)  (b) 


Fig.  3.30:  The  raw  network  analyzer  measurement  data  (a)  is  equivalent  to  the 
expanded  description  in  (b),  where  the  original  measurement  is  decomposed  into 
two  adapter  networks  and  the  DUT  network,  which  is  the  desired  measurement. 


The  basic  calibration  technique  requires  at  least  three  observation  of  known 
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DUTs  in  order  to  characterize  the  adapters.  Each  adapter  network  has  four  un¬ 
knowns,  which  means  that  at  least  eight  observations  of  the  system  are  required  to 
solve  the  equations.  TRL  calibration  (Thru-Reflect-Line),  as  the  name  specifies, 
requires  observations  of  a  Thru  standard,  a  Reflect  standard,  and  a  Line  standard. 
The  Thru  standard  directly  connects  the  two  adapter  terminals  with  an  ideal  elec¬ 
trical  distance  of  zero,  with  T-parameter  representation  of  the  DUT  called  Cthru , 
and  provides  four  equations  to  the  system. 


Ci  =  Q 


THRU  = 


1  0 
0  1 


(3.10) 


The  reflect  standard,  for  which  the  only  constraint  is  that  the  standard  be  highly 
reflective,  typically  either  a  short  or  an  open,  has  the  S-parameter  representation 
Sreflect ,  which  contributes  two  independent  equations.  A  network  with  zero 
transmission  does  not  have  a  nonsingular  T-matrix  representation. 


5, 


REFLECT 


R  0 
0  R 


(3.11) 


The  line  standard  requires  some  length  of  matched  transmission  line  to  be  in¬ 
serted  between  the  terminals  where  the  length  of  the  transmission  line  need  not  be 
specified.  The  line  measurement  has  the  representation  Cune  Variations  of  these 
standards  are  also  possible,  including  matched  loads  and  multiple  line  measure¬ 
ments. 


Co  =  C 


LINE  = 


alL 


o~lL 


(3.12) 


Measurements  are  then  made  of  these  three  known  standards  to  obtain  the 
required  number  of  observations. 


Mi  =  XC\Y 

(3.13) 

m2  =  xc2y 

(3.14) 

CR  .  CoiCioR 

Sn  =  eoo+1_euR 

(3.15) 

CR  „  ,  e23e32  R 

S22  ~e33+1_ 

(3.16) 
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These  three  sets  of  observations  yield  a  system  of  10  equations  in  10  unknowns, 
which  may  be  uniquely  solved.  Combining  the  Line  and  Thru  measurements  allows 
the  X  and  Y  matrices  to  be  separated. 


M2MilX  =  XC2C?  (3.17) 

YM^M2  =  C^C2Y  (3.18) 


Allowing 

M  =  M2M^{ZW  Zll)  (3.19) 

and  expanding  3.17  yields 


777.11X11  +  777.12X21 

777.11X12  +  77712X22 

xne  7L 

xi2e7L 

77721X11  +  77722X21 

77721X12  +  777.22X22 

_x2ie_7L 

Allowing 


X2\ 

mu  +  77712 - 

X 11 
Xu 

77722  +  H721 - 

X2\ 

X22 

777  ii  +  77712 - 

X\2 

X\2 

77722  +  m2l - 

X22 


elL 

elL 


rrn  — Ax  elOeOl 

O  i  =  —  —  -  —  eoo - 

X21  e\\  en 

X\2 

02  =  -  =  COO 

X22 


(3.21) 

(3.22) 

(3.23) 

(3.24) 


(3.25) 

(3.26) 


Now,  3.21  and  3.22  may  be  combined  to  form  a  quadratic  equation  in  ai,  and  3.23 
and  3.24  form  an  identical  quadratic  in  a2. 


m2ia]  +  (m22  —  mu)a\  —  m22  =  0  (3.27) 

m2ia2  +  (m22  —  mn)a2  —  mn  =  0  (3.28) 


By  duality  and  starting  from  3.18,  similar  expressions  may  be  written  for  the 
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terms  of  Y, 


bi 

b2 


yn 

V\2 

Vi\ 

V22 


^y 

e22 

—  ^33 


e23e32 

- e33 

e22 


which,  with  the  definition  of 


(3.29) 

(3.30) 


N  =  Mr1A/2(^i  III) 


(3.31) 


,  have  the  values  defined  by  the  solutions  to  the  following  quadratics 


7112&1  +  («22  - nii)nt  +  m2 1  =  0  (3.32) 

nubl  +  (n2 2  -  nu)n2  +  m2i  =  0  (3.33) 

The  two  terms  cq  and  02  (b\  and  fc2)  are  chosen  to  be  the  two  distinct  roots  of 
the  quadratic.  Since  a2  (b2)  represents  the  transmission  magnitude  and  phase  of 
the  X  (Y)  network,  a2  (b2)  is  chosen  to  be  the  complex  root  whose  magnitude  is 
less  than  unity.  Once  a  solution  is  found  for  <q,  the  7 L  propagation  term  of  the 
transmission  line  may  be  determined. 


7  L  =  —  log  mu  +  — ^  (3.34) 

a\ 

Next,  the  measurements  from  the  reflection  standard  as  in  3.15  and  3.16  are 
incorporated  into  the  system.  These  two  equations  may  be  rewritten  as 


ui 


eoo  —  ell  (  £11  ~  Cqo  + 


CQlCio^ 


C11 


R  =  S([  —  a2  —  en  (S*  —  ai)  R  =  0  (3.35) 


£22  “  C33  —  e22  ^£22  —  C33  H — 32  ^  R  —  S22  +  b2  —  e22  (£22  +  ^1)  R  —  0  (3.36) 


p_  1  £lV«2 

il  =  77 B - 

en  £ji  -  a  1 

_  1  £^  +  b2 

C22  £22  +  ^1 


(3.37) 

(3.38) 


Equating  both  expressions  for  R  yields, 
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«22 


1 

en 


\ai  —  s(\ ) 


(  h  +  ^22 

\b2  +  ^22 


1 

euD 


(3.39) 


Next,  the  reflection  from  the  first  port  for  the  Thru  standard  is  incorporated. 


Si*1  1  —  e0o  +  - — — - (1  —  ene22)  (5,i'/ll  —  eoo)  —  eioe0ie22  (3.40) 

1  -ene22 

Then,  applying  3.39,  we  obtain 

(1  -  e2uD)  (S%1  -  em)  =  ^-e2uD  =  (-a,  +  a2)  e2nD 

^11 

which  may  be  simplified  to  yield 

2  1  02  -  S$ 

eu  Dai-S?'1 

Ifat-SfA  (h  +S?2\  (a2-S^\ 

11  VU-^J  U+sg;  U -£&) 

When  implementing  3.43  in  a  numeric  TRL  algorithm  over  a  frequency  range, 
care  must  be  taken  to  obtain  the  correct  complex  branch  of  the  square  root  for 
each  continuity  in  the  transmission  phase.  It  is  recommended  to  compare  both  the 
positive  and  negative  roots  of  3.43  to  the  previous  frequency  point,  and  to  choose 
the  root  that  gives  the  smallest  difference  in  a  magnitude  sense. 

With  ai,  a2  =  Coo?  and  b2  =  —  e33  known,  eu  may  be  found  by  3.43  and 
used  in  3.39  to  find  e22-  Then,  the  products  eioc0i  and  632623  are  found  by 


(3.41) 

(3.42) 

(3.43) 


eio^oi  —  (o>2  ~~  a\)en  (3.44) 

^ 32^23  —  (&1  —  b2 )  622  (3.45) 

(3.46) 

Since  e\Q  and  e32  appear  only  as  uniform  scaling  terms  in  X  and  T,  expressions 
for  those  values  in  isolation  are  not  required.  Thus,  all  terms  necessary  to  construct 
the  X'  and  Yf  matrices  have  been  obtained. 
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^  _  ei0e0i  —  ewen  e0o 
~en  1 

y,  _  ^32 ^23  “  ^22^33  e22 

—  ^33  1 

The  correct  scaling  for  the  X  and  Y  matrix  may  be  corrected  by  computing 
the  scale  factor  s 

(J K'y'MiiYT1  =  sI  (3.50) 

and  X  and  Y  are  produced  accordingly  to  yield  a  passive  DUT  system  response. 


(3.47) 

(3.48) 

(3.49) 


X  =  y/sX'  (3.51) 

Y  =  y/sY'  (3.52) 

The  expressions  as  related  above  may  be  (and  have  been)  implemented  in  a  loop 
for  computing  calibration  coefficients  over  an  array  of  frequency  points,  while  tak¬ 
ing  care  when  selecting  the  proper  complex  roots  of  the  square  root  and  quadratic 
expressions.  The  calibration  constants  may  be  preserved  and  applied  to  multiple 
measured  data  sets  that  use  the  same  test  fixture.  The  calibration  is  applied  to 
individual  frequency  samples  as 


Tout  =  X  lT measY  1  (3.53) 

where  the  network  responses  Tout  and  Tmeas  are  expressed  as  T-mat rices.  This 
procedure  was  applied  to  simulated  waveguide  responses  using  coaxial  feeds  and 
different  models  for  the  Thru,  Line,  and  Reflect  standards  with  reasonable  success, 
which  was  evaluated  through  comparison  to  measured  results  with  TRL  calibration 
applied  at  the  time  of  measurement  by  the  network  analyzer. 

This  represents  a  very  simple  TRL  procedure;  more  sophisticated  algorithms 
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exist  that  are  capable  of  using  more  than  three  standards  or  incorporating  redun¬ 
dant  measurements  to  reduce  error  and  the  effects  of  noise. 

3.3.6  Varactor  Characterization 

The  SMV1247LF  common-cathode  varactors  were  characterized  with  the  help  of 
the  manufactured  bias  tees  and  microstrip  TRL  calibration  standards.  The  cal¬ 
ibration  was  performed  using  the  built-in  VNA  TRL  calibration  procedure  and 
included  the  bias  tees;  Fig.  3.29  includes  a  photograph  of  the  measurement  setup. 

The  two-port,  responses  of  the  connnon-cathode  varactors  are  shown  in  Fig.  3.31. 
The  single-port  ground-terminated  response,  as  required  for  the  port  substitution 
procedure,  is  included  in  Fig.  3.32. 

In  addition,  the  response  of  a  single  varactor  was  also  measured,  for  additional 
confirmation  of  simulation  results.  The  shorted  response  of  the  single  varactor  is 
included  in  Fig.  3.33.  This  response  was  used  in  some  simulations  that  required  the 
separation  of  the  common  cathode  varactor  into  two  pieces  so  that  the  electrical 
connection  to  the  cathode  pin  could  be  accurately  modeled. 

3.3.7  Modeling  refinements 

Initial  simulations  of  the  hex  in  either  the  waveguide  or  monopole  configuration 
did  not  demonstrate  close  agreement  with  the  measurements.  Partially,  this  was 
alleviated  in  the  case  of  the  waveguide  measurements  through  the  introduction 
of  a  working  TRL  calibration  routine  to  both  simulations  and  measurements,  as 
previously  described.  The  initial  varactor  model  also  had  a  large,  detrimental 
effect  on  the  modeled  responses.  However,  even  after  calibration  and  the  measured 
varactor  models  were  incorporated  there  were  still  significant  disagreements  in 
the  simulations  compared  to  the  measurements,  manifested  as  frequency  shifts, 
missing  resonances,  large  magnitude  response  discrepancies,  and  missing  phase 
response  features.  The  simulation  model  was  iteratively  improved  by  starting  with 
the  unpopulated  circuit  board  model  next  to  the  probe  measurement  fixture,  and 
making  changes  to  incorporate  geometry  features  that  had  originally  been  ignored 
or  deemed  unimportant. 
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Fig.  3.31:  Measured  two-port  scattering  data  for  the  common  cathode  varactor 
diodes,  as  measured  using  the  bias  tee,  microstrip  test  fixture,  and  TRL  calibra¬ 
tion  procedure  on  the  network  analyzer.  The  scattering  from  the  second  port  is 
effectively  identical. 
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Fig.  3.32:  Measured  reflection  magnitude  and  phase  of  the  common-cathode  var¬ 
actor  when  the  second  terminal  is  shorted  to  ground,  as  required  for  application 
of  the  port  substitution  technique. 
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Fig.  3.33:  Measured  reflection  magnitude  and  phase  of  the  individual  varactors 
when  the  second  terminal  is  shorted  to  ground,  as  required  for  application  of  the 
port  substitution  technique. 
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3. 3. 7.1  Increase  simulation  resolution 

The  first  step  was  to  increase  the  mesh  refinement  condition  to  ensure  that  the 
adaptive  mesh  used  by  HFSS  had  converged.  I  increased  the  meshing  tolerance 
significantly,  but  the  results  did  not  change  significantly.  This  indicates  that  the 
results  were  converged  in  the  original  model. 

3. 3. 7. 2  Trace  material 

Although  the  dielectric  was  correctly  modeled  as  lossy  FR4,  the  traces  were  mod¬ 
eled  as  PEC  impedance  conditions.  In  many  radio-frequency  and  microwave  meta¬ 
material  simulation,  PEC  is  a  good  approximation,  but  the  additional  slight  loss 
given  by  modeling  as  finitely-conducting  copper  rather  than  perfectly  conducting 
material  did  yield  a  change  in  the  response,  although  not  large  enough  to  justify 
the  original  error  in  the  modeled  results. 

3.3. 7.3  Dielectric  boundary 

The  models  have  always  assumed  a  perfect  hexagon  of  dielectric  hosting  the  loops 
and  control  circuitry,  with  small  tabs  on  top  and  bottom  with  the  power  and  data 
lines.  It  had  been  assumed  that  the  small  amount  of  excess  dielectric  remaining 
when  cutting  the  sample  into  a  square  rather  than  a  hexagon  would  not  affect  the 
results,  but  it  did.  Since  one  corner  of  the  hexagon  had  been  cut  (as  in  figure),  I 
included  the  three  corners  of  the  dielectric  into  the  model.  This  resulted  in  another 
small  but  significant  shift  in  the  response. 

3.3. 7.4  Soldermask 

The  soldermask  quantity  and  properties  proved  to  have  one  of  the  larger  influences 
on  the  frequency  shift.  The  thin  layer  of  soldermask  on  the  commercially  produced 
circuit  board  has  a  lossy  effect  on  the  microwave  signals,  and  also  slightly  changes 
the  impedance,  since  the  loops  are  now  embedded  in  a  layered  dielectric  media, 
rather  than  free  space. 

The  tests  started  by  adding  a  relatively  thick  soldermask  (50 fim)]  this  was 
too  thick,  and  shifted  the  response  too  low.  The  soldermask  was  modeled  as  a 
volumetric  block  of  material.  Thinner  soldermasks  could  not  be  modeled  accurately 
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as  volumetric  blocks,  but  instead  were  implemented  using  a  surface  impedance 
approximation  method,  as  provided  by  the  layered  impedance  model  in  HFSS. 
The  original  impedance  model  only  placed  soldermask  over  the  dielectric  regions, 
since  the  traces  were  already  modeled  as  surface  impedance  boundary  conditions. 
For  this  case,  25//m  of  soldermask  material  was  required.  Later,  I  used  the  HFSS 
layered  impedance  model  to  include  both  the  copper  traces  and  the  soldermask 
above  them.  With  the  soldermask  over  the  copper,  only  10  //m  of  the  soldermask 
was  required  to  get  good  agreement  with  the  measurements. 

3. 3. 7. 5  Hex  cell  orientation 

The  orientation  of  the  unit  cell  relative  to  the  feed  probe  turned  out  to  be  impor¬ 
tant.  Since  the  hex  is  not  rotationally  symmetric  due  to  the  control  circuitry  and 
rotated  loop  orientation  relative  to  the  hex  walls,  the  monopole  probe  interactions 
change  slightly  with  the  orientation  of  the  sample.  After  re-checking  the  orienta¬ 
tion  of  the  hex  that  was  used  for  the  measurements,  I  changed  the  simulation  and 
obtained  much  better  agreement  in  the  low  frequencies  below  the  main  resonance. 

3 . 3 . 7. 6  Single- varactor  measurements 

The  initial  calibrated  measurements  of  the  common  cathode  varactor  diodes  used 
a  test  fixture  that  allowed  biasing  of  the  cathode  pin  while  measuring  the  response 
between  the  two  anode  pins.  It  was  assumed  that,  since  the  varactor  character¬ 
ization  was  performed  in  the  same  configuration  as  in  the  actual  metamaterial, 
that  this  would  be  accurate.  However,  when  performing  a  sensitivity  analysis  of 
the  revised  metamaterial  response  to  the  inductance  between  the  loops,  there  was 
a  significant  effect  for  the  inductance  values  that  were  used  in  the  initial  design. 
This  implied  that  some  of  the  current  from  the  loops  was  leaking  through  the 
cathode  port  of  the  varactor  past  the  blocking  inductors,  and  could  be  affecting 
the  metamaterial  response.  To  test  this  theory,  I  numerically  separated  the  mea¬ 
sured  varactor  response  (considered  as  T-matrices)  into  two  halves,  to  obtain  the 
effective  response  of  the  individual  varactors,  rather  than  the  combination  of  both 
devices. 
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Tec  =  TvarT~ l  (3.54) 

This  equation  was  solved  for  Tvar)  the  single  varactor  response  at  each  frequency 
point,  using  a  nonlinear  solver  in  Matlab  given  the  common  cathode  response 
Tec •  After  converting  the  metamaterial  model  in  HFSS  to  include  a  third  pin  to 
serve  as  the  varactor  cathode,  I  modeled  each  of  the  three-pin  varactors  as  two 
separate  ports,  one  for  each  individual  varactor.  This  revised  modeling  approach 
showed  substantially  closer  agreement  to  the  measurements  of  the  hex  response.  To 
confirm  that  the  differences  between  the  original  single-port  varactor  simulations 
and  the  new  simulation  results  were  not  artifacts  of  the  numeric  scattering  response 
extraction,  I  measured  the  single-varactor  response  using  the  same  calibration 
and  measurement  setup  as  before  (response  in  Fig.  3.33)  and  obtained  practically 
identical  results  to  those  of  the  numerically-separated  varactor  response.  This 
result  indicates  that  the  single-varactor  model  should  be  used  for  the  design  of 
future  metamaterial  revisions,  so  as  to  incorporate  the  effects  of  unitcell-unitcell 
coupling  through  the  cathode  ports  and  blocking  inductors. 

3. 3. 7. 7  Summary  of  changes 

As  a  result  of  these  studies,  some  new  parameters  or  geometric  features  of  the 
metamaterial  are  known  to  be  very  important  in  obtaining  a  good  simulation 
model.  First,  the  metals  should  be  properly  modeled,  not  left  as  PEC.  The  dielec¬ 
tric  should  be  completely  modeled  including  corners  and  notches.  The  soldermask 
was  critically  important,  and  should  be  a  controlled  quantity  for  the  full  design 
to  prevent  additional  frequency  shifts  and  performance  mispredictions.  As  much 
as  is  possible,  the  thickness  and  dielectric  properties  of  the  soldermask  as  well 
as  the  dielectric  and  trace  material  should  be  known  for  inclusion  into  the  model. 
Measurements  of  the  individual  varactors  should  be  used,  instead  of  the  series  mea¬ 
surements  through  the  anode  ports,  as  in  the  initial  measurements.  Finally,  the 
orientation  of  the  asymmetric  hex  should  be  exactly  matched  in  the  simulations 
to  the  measurement  configuration.  These  updates  to  the  original  model,  in  combi¬ 
nation  with  the  measured  varactor  properties  and  calibration  procedure,  allow  for 
accurate  predictive  simulations  to  be  performed  for  the  metamaterial  behavior. 
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3.3.8  Waveguide  measurements 

For  accuracy,  the  waveguide  simulations  were  performed  using  the  single-varactor 
model,  as  discussed  above.  The  simulations  modeled  the  same  waveguide  struc¬ 
ture  and  unit  cell  design  as  were  measured  by  the  network  analyzer.  Since  the 
simulation  cannot  model  the  fabricated  design  exactly,  especially  the  feed  probes, 
due  to  manufacturing  inaccuracies  and  errors,  a  two-port  TRL  calibration  was 
performed  on  both  the  measured  and  simulated  data  to  remove  the  effect  of  the 
cables  and  coaxial  cable-to-waveguide  transitions.  Measurements  were  performed 
of  the  unpopulated  unit  cell  as  well  as  the  populated  unit  cell  with  variable  bias 
voltage.  It  was  found  during  the  course  of  the  measurements  that  the  orientation 
of  the  unit  cell  in  the  waveguide  makes  a  significant  difference  in  the  reflection 
response,  and  that  this  orientation  must  be  matched  in  the  simulations  in  order 
to  obtain  agreement  in  the  results.  The  variable  voltage  measurements  were  per¬ 
formed  by  placing  the  sample  in  the  waveguide  slot,  incrementally  increasing  the 
bias  voltage  by  lv  intervals,  and  capturing  data  at  each  point.  Lack  of  any  hys¬ 
teresis  behavior  was  verified  by  comparing  the  response  when  increasing  to  the 
response  when  decreasing  the  bias  level.  The  measured  and  simulated  data  are 
compared  in  Fig.  3.34,  showing  acceptable  agreement  between  the  prediction  and 
measurements.  The  transmission  measurements  agree  better  than  the  reflection 
measurements. 

Several  iterations  of  prior  waveguide  measurements  and  simulations  were  per¬ 
formed,  but  are  not  shown  here  due  to  poor  agreement  with  simulations.  The  ad¬ 
dition  of  the  TRL  waveguide  calibration  procedure  and  the  modeling  refinements 
as  described  above  yielded  a  much  closer  comparison  between  the  measurements 
and  simulations. 

3.3.9  Monopole  measurements 

The  test  fixture  was  manufactured  with  a  four-inch  monopole,  which  was  trimmed 
to  a  one-ineh  monopole  by  small  increments  while  examining  the  single-port  re¬ 
sponse  of  the  fixture  with  the  network  analyzer.  The  monopole  length  was  short¬ 
ened  to  bring  the  return  loss  minima  up  to  approximately  2.75  GHz  ,  where  there 
would  be  maximum  interaction  of  the  radiated  field  with  the  metamaterial  sample 
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Scattering  magnitude  of  hex  in  wav  eguide 
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Fig.  3.34:  Phase  and  magnitude  scattering  response  of  the  populated  hex  proto¬ 
types  in  the  waveguide  test  fixture,  with  acceptable  agreement  between  the  mea¬ 
sured  and  simulated  data. 
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under  test.  See  Fig.  3.23  for  the  measurement  configuration. 

The  measurements  have  a  different  electrical  path  length  in  the  feed  probe, 
which  is  accounted  for  by  a  shift  of  18  degrees  in  the  measured  relative  to  the 
simulated  results  in  all  of  the  relevant  figures.  The  phase  shift  correction  was  ac¬ 
complished  by  comparing  the  measured  to  the  simulated  response  of  the  monopole 
alone,  and  adding  phase  until  the  plots  coincided,  as  shown  in  Fig.  3.35.  With  this 
sole  correction,  the  response  of  the  monopole  in  Fig.  3.35  agrees  closely  with  the 
simulated  response. 

Three  unit  cell  samples  of  the  split  rings  alone  were  manufactured  on  a  high  di¬ 
electric  constant  (25  mil  RO6010,  e  =  10)  substrate  (as  described  in  Fig.  3.15)  and 
used  to  confirm  the  simulation  model  for  the  monopole  test  fixture,  with  the  mea¬ 
surement  and  simulation  results  shown  in  Fig.  3.36,  Fig.  3.37,  and  Fig.  3.38.  The 
measurements  show  good  agreement  with  the  simulations,  given  the  coarse  fabrica¬ 
tion  tolerances  achieved,  and  several  important  factors  relating  to  the  measurement 
system  were  determined.  The  first  sample  with  dual-sided  loops  in  Fig.  3.36,  for 
example,  required  the  model  to  match  the  orientation  of  the  measurement,  and 
it  was  found  that  the  front  and  back  sides  of  the  copper  on  the  sample  were  not 
precisely  aligned.  Placing  a  linear  offset  between  the  front  and  back  of  0.7mm 
improved  the  simulated  response  compared  to  the  original  simulation.  Fig.  3.37 
and  Fig.  3.38  demonstrated  sensitivity  to  measurement  position,  and  there  were 
tendencies  in  all  of  the  simulations  to  miss  narrow  secondary  resonances  with  small 
changes  in  modeling  parameters.  Through  the  simulations,  it  was  determined  that 
using  copper  rather  than  PEC  to  model  the  traces  was  required  for  maximum 
accuracy,  which  was  not  expected  to  be  important  for  the  operational  frequency 
range. 

Measurements  and  simulations  of  the  populated  and  unpopulated  prototype 
metamaterial  hex  showed  good  agreement,  thanks  in  part  to  the  tighter  fabrica¬ 
tion  tolerances  of  the  externally-produced  samples.  Fig.  3.39  shows  very  close 
agreement  for  phase  and  magnitude  of  the  measured  and  simulated  response  for 
the  unpopulated  hex  made  with  copper  traces  and  including  the  soldermask  ef¬ 
fects.  The  comparison  for  the  populated  and  voltage-biased  boards  in  Fig.  3.40 
is  also  quite  close,  showing  that  the  model  revisions  and  corrections  have  been 
successfully  applied. 
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Fig.  3.35:  Measured  and  simulated  response  of  the  monopole  test  fixture  shewing 
good  agreement. 
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Fig.  3.36:  Measured  and  multiple  simulated  responses  of  the  dual-sided  loops-only 
sample.  The  final  misaligned  and  flipped  model  shows  the  best  agreement  wrh  the 
measurements,  with  the  front  loops  shifted  by  0.7  mm  relative  to  the  back  The 
results  show  good  agreement  in  both  magnitude  and  phase,  with  a  slight  frequency 
shift  due  to  the  loose  tolerances. 
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Monopole  Front  Loops  Magnitude  Response  Monopole  Front  Loops  Phase  Response 


Fig.  3.37:  Measured  and  simulated  responses  of  the  sample  with  only  the  front 
loops.  This  sample  shows  good  agreement  with  only  a  small  frequency  shift. 
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Fig.  3.38:  Two  simulation  results  are  shown,  one  with  PEC  traces  and  the  other 
with  copper.  The  copper  magnitude  response  matches  better,  but  misses  the  sec¬ 
ond  large  resonance  at  2.75  GHz  .  This  resonance  is  not  consistent,  and  does  not 
appear  in  all  measurements  or  all  simulations. 
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Unpopulated  Hex  Monopole  Response  Unpopulated  Hex  Monopole  Response 


Fig.  3.39:  The  measured  response  of  the  full  hex  circuit  board  is  shown  with  the 
final  simulation  results,  with  good  agreement. 
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Fig.  3.40:  The  measured  and  simulated  responses  of  the  full  populated  hex,  swept 
with  respect  to  the  varactor  bias  voltage.  The  measurements  and  simulations  show 
broad  agreement. 
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3.4  Design  revisions 

With  the  simulation  models  and  measurements  of  the  prototype  metamaterials 
brought  into  agreement,  the  previously-discussed  design  and  simulation  rules  ob¬ 
tained  during  the  refinement  process  were  applied  to  new  designs  to  optimize  the 
performance. 

The  same  lnetamaterial  design  procedure  and  hex  modeling  procedures  were 
repeated  with  the  updated  varactor  models  to  obtain  the  final  metamaterial  proto¬ 
type  prior  to  full  lens  fabrication.  Specifically,  simulations  of  the  loops  alone  were 
run  with  the  measured  varactor  response  before  performing  the  PCB  layout  with 
the  full  control  circuitry  and  re-simulating  to  confirm  the  correct  performance. 
Using  the  measured  varactor  response  and  the  original  dimensions  of  the  unit  cells 
(15  mm  side  lengths,  8mm  loops)  resulted  in  a  ZIM  frequency  response  that  was 
too  low.  at  about  1.8  GHz  .  The  hex  cells  were  reduced  in  size  to  an  edge  length 
of  11.5mm  and  a  loop  outer  diameter  of  G.5  mm  in  order  to  push  the  resonant 
frequency  in  the  periodic  simulation  to  2.2  GHz  .  No  further  size  reduction  was 
possible,  based  on  the  control  circuitry  area  requirements  and  the  size  of  the  com¬ 
ponents.  The  reduced  control  circuitry  requirements  as  determined  by  the  results 
of  the  initial  prototype  testing  allowed  the  reduced-size  unit  cells  while  also  reduc¬ 
ing  the  designs  from  four  to  two  layer  printed  circuit  boards,  which  reduced  the 
fabrication  cost.  Simplifying  the  control  circuitry  by  eliminating  unneccesary  com¬ 
ponents  substantially  reduced  the  manufacturing  cost  and  trace  density  of  the  unit 
cells  as  seen  in  Fig.  3.41  compared  to  the  original  prototype,  increasing  manufac¬ 
turing  feasibility  and  reducing  the  effect  of  the  excess  traces  on  the  metamaterial 
response. 

Simulations  of  the  hex  cell  with  and  without  the  control  circuitry  shows  only 
small  differences  between  the  full  and  loops-only  designs.  For  the  full  design,  the 
inter-loop  inductance  proved  to  be  an  important  parameter.  Parameter  studies 
showed  that  the  inductance  should  be  at  least  200nH  for  this  operational  fre¬ 
quency  in  order  to  completely  isolate  the  rings  (Fig.  3.46).  This  result,  which  was 
discovered  during  the  design  of  the  second  prototype  metamaterial,  is  probably  a 
significant  reason  for  the  large  change  in  predicted  effective  material  response  be¬ 
tween  the  loops-only  and  full  design  for  the  initial  tunable  metamaterial  prototype, 
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Fig.  3.41:  Example  hexagonal  unit  cell  layout  for  the  straight  (left)  and  curved 
(right)  configurations.  Low  current  requirements  allow  thin  traces  to  be  used. 
Inductors  are  placed  at  the  boundaries  of  the  unit  cells  to  reduce  RF  coupling. 
These  two  unit  cells  may  be  cascaded  to  form  a  space-filling  hexagonal  spiral  lens. 


which  used  68nH  inductors.  Fig.  3.42  shows  the  final  hex  cell  layout. 
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Fig.  3.42:  Reconfigurable  unit  cell  geometry  and  board  layout.  Red  and  blue  are 
top  and  bottom  copper  layers,  while  yellow  and  cyan  are  the  top  and  bottom 
soldermask  layers,  respectively. 


After  conversing  with  PCB  manufacturers  and  receiving  high  (~$24k)  initial 
manufacturing  quotes,  the  lens  wras  restricted  to  only  a  nine-hex  radius,  a  Rogers 
R03003  substrate  was  selected  instead  of  Rogers  RO5880,  and  the  center  three 
rings  of  the  lens  were  replaced  by  static  (non-tuning)  hexes.  These  changes  were 
intended  to  reduce  the  fabrication  cost  of  the  lens  prototype  by  about  30-50%, 
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which  was  successfully  achieved  for  the  resulting  quote  of  $14k.  This  lens  config¬ 
uration  is  illustrated  in  Fig.  3.43. 


n=9  layer  hexagonal  spiral 
1 1.5  mm  edge-length  unit  cells 


Entry  Unit  Cell  ^  Static  Unit  Cell  O 
Straight  Unit  Cell  <D  Curved  Unit  Cell  O 


Connection  header  ™ 

Fig.  3.43:  To  reduce  the  fabrication  expense,  the  inner  three  layers  of  reconfigurable 
unit  cells  were  replaced  by  static  ZIM  unit  cells,  and  the  lens  size  reduced  to  a 
radius  of  nine  unit  cells. 


The  static  metamaterial  design  was  performed  in  the  same  way  as  the  tunable 
metamaterial,  except  that  there  were  no  lumped  elements  in  the  design.  Several 
variations  were  attempted  on  the  simple  loops  with  a  single  break,  including  con¬ 
centric  loops,  loops  with  multiple  gaps,  loops  with  capacitive  arms  extending  both 
into  and  out  of  the  loop  body,  and  adding  an  additional  loop  into  the  center  of  the 
hex.  The  successful  design  used  loops  with  long,  parallel  capacitive  arms  added 
to  the  gap  in  the  ring.  A  rectangular  patch  was  placed  on  the  back  of  the  board 
beneath  the  capacitive  arms  to  enhance  the  capacitive  effect.  The  final  dimensions 
for  the  static  design  are  shown  in  Fig.  3.44,  which  produces  the  permeability  curve 
in  Fig.  3.45,  which  is  plotted  for  comparison  with  the  permeability  of  the  full  hex 
design. 

During  simulations  on  the  final  metamaterial  design,  several  values  of  induc¬ 
tance  were  tested  to  determine  the  effects  on  the  response,  as  plotted  in  Fig.  3.46. 
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Fig.  3.44:  Dimensions  and  layout  of  the  static  hex  unit  cell  used  for  the  inner  three 
layers  of  the  lens  to  reduce  the  cost  of  the  lens  construction. 


Effective  Permeability  of  Metamatenal  Models 


Fig.  3.45:  The  static  metamaterial  design  was  tuned  to  exhibit  a  ZIM  condition 
below  the  predicted  resonant  frequency  of  the  full  reconfigurable  hex,  so  that  the 
final  design  may  be  tuned  appropriately. 
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Increasing  the  inductance  to  be  greater  than  200  nH  produced  negligable  changes, 
and  any  inductance  greater  than  IOO11H  was  acceptable,  but  the  effects  of  overly 
low  inductance  were  very  severe.  The  initial  inductor  size  was  chosen  based  on  the 
impedance  of  the  inductor  at  2.4  GHz  ,  but  the  simulations  of  the  actual  unit  cell 
showed  that  a  larger  value  was  needed,  and  the  inter-loop  inductors  were  increased 
to  200nH.  High  DC  resistance  is  acceptable  for  these  components,  since  their  only 
purpose  is  to  communicate  a  DC  bias  voltage  to  the  varactor,  with  zero  or  nearly 
zero  leakage  current. 

3.4.1  Voltage  Regulator  and  Level  Shifter 

In  the  revised  design,  both  the  high  and  low  bias  voltages  are  supplied  from  outside 
the  lens,  with  the  unit  cells  only  switching  between  the  two  levels.  Also,  the 
MSP430  microcontroller  used  for  directly  supplying  the  clock  and  data  signals  to 
the  lens  operates  at  3.3v  logic  levels.  A  separate  circuit  board  was  designed  and 
constructed  in  order  to  supply  the  required  voltage  levels  to  the  lens  while  allowing 
for  tuning  without  using  multiple  lab  bench  power  supplies,  as  well  as  provide  the 
level  shifting  between  the  3.3v  and  variable  voltage  signals  required  by  the  shift 
registers.  The  circuit  diagram  is  included  in  Fig.  3.47,  and  an  image  of  the  circuit 
board  layout  in  Fig.  3.48.  Two  potentiometers  are  included  to  allow  independent 
tuning  of  the  -lv  and  4v  voltage  regulators  for  fine-tuning  the  ZIM  resonance 
frequency  of  the  lens.  Through-hole  components  were  selected  to  simplify  hand 
assembly,  and  the  actual  board  will  be  fabricated  on  the  LED  board  and  separated 
after  assembly. 
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Permeability  Versus  Loop  Isolation  Inductance 
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Fig.  3.46:  The  blocking  inductor  must  be  at  least  lOOnH  in  order  to  obtain  a  good 
permeability  response;  lower  values  of  inductance  allow  too  much  coupling  between 
the  loops. 
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Fig.  3.47:  Voltage  regulator  and  level  shifter  circuit  schematic  that  allows  the 
tuning  of  the  -lv  and  4v  varactor  bias  levels  via  two  potentiometers  for  fine-tuning 
the  resonant  frequency  of  the  lens. 
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Fig.  3.48:  Voltage  regulator  and  level  shifter  circuit  schematic  that  allows  the 
tuning  of  the  -lv  and  4v  varactor  bias  levels  via  two  potentiometers  for  fine-tuning 
the  resonant  frequency  of  the  lens. 


Chapter 


Lens  Prototype 


After  revising  the  simulation  model  based  on  the  measurement  results  of  the  initial 
prototype  unit  cells  and  adapting  the  design  to  satisfy  the  updated  requirements, 
the  second  metamaterial  prototype  was  manufactured,  assembled,  and  character¬ 
ized.  This  process  took  place  in  several  stages,  with  an  initial  static  lens  ordered 
first  as  a  proof  of  concept  of  the  metamaterial  antenna  behavior  itself  prior  to 
building  the  more  expensive  reconfigurable  lens.  The  assembly  and  measurement 
of  the  static  lens  resulted  in  some  small  changes  to  the  full  lens  design,  as  well  as 
a  redesign  of  the  feed  antenna. 

After  testing  and  evaluation,  the  prototype  lens  design  was  found  to  have  a 
number  of  design  flaws,  primarily  in  the  DC  control  circuitry,  bias  voltage  regula¬ 
tors,  and  the  geometric  layout  of  the  boards.  These  shortfalls  were  all  resolved  in 
the  prototype  through  one  means  or  another  and  described  below,  but  full  antenna 
pattern  measurements  could  not  be  performed  due  to  a  problem  in  the  RF  design 
caused  by  the  low  self-resonant  frequency  (SRF)  of  the  inductors  that  were  used 
throughout  the  lens. 

Even  though  the  antenna  could  not  be  fully  tested,  the  experiments  centered 
around  the  design  and  testing  of  this  prototype  gave  significant  results  for  improv¬ 
ing  future  designs.  In  particular,  construction  of  a  full  panel  of  the  metamaterial 
and  LED  boards  revealed  many  practical  issues  that  would  not  have  been  noticed 
when  working  only  with  individual  unit  cells. 
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4.1  Feed  antenna 

The  feed  antenna  is  a  critical  piece  of  the  metamatcrial  lens  antenna.  Ideally, 
the  feed  geometry  should  be  simple  to  construct  with  loose  fabrication  tolerances, 
easy  to  combine  with  the  rest  of  the  lens,  and  well-matched  to  a  50  Ohm  coaxial 
transmission  line.  Planar,  printed-circuit-board  based  antennas  are  particularly 
convenient  for  integration  into  a  metamaterial  structure.  An  electric-mode  lens 
could  use  a  dipole  or  monopole  feed,  but  there  are  fewer  options  for  efficient, 
compact  electric  metamaterials  compared  to  the  magnetic  split-ring  resonators. 
The  simplest  magnetic  dipole  antenna  is  the  electrically-small  loop,  but  it  is  an 
undesirable  option  due  to  the  low  radiation  resistance  and  other  detriments.  There 
have  been  several  published  designs  for  electrically-small  and  efficient  magnetic 
dipole  sources,  such  as  the  folded  slot  spherical  helix  antenna  [71]  or  the  spherical 
split  ring  (SSR)  antenna  [72]  that  greatly  improve  over  the  performance  of  the 
electrically-small  loop.  These  spherical  antennas  offer  substantial  difficulties  for 
fabrication,  though.  A  ground-plane  integrated  cavity-backed  slot  antenna  offers 
much  simpler  construction,  unidirectional  radiation  for  the  half-cylindrical  lens,  as 
well  as  a  good  magnetic  dipole  radiation  pattern  and  reasonable  return  loss.  A 
magnetic  slot  would  not  be  feasible  for  a  full  cylindrical  lens,  for  which  an  efficient 
omnidirectional  antenna  such  as  the  spherical  split-ring  would  be  selected. 

The  use  of  a  slot  antenna  (or  a  dipole/monopole  for  an  electric  metamaterial) 
places  an  additional  constraint  on  the  height  of  the  lens,  since  the  slot  or  dipole 
must  fit  entirely  within  the  lens,  and  must  be  separated  from  the  top  and  bottom 
ground  planes.  Shorter  slots  become  necessary  for  the  construction  of  thinner 
lenses. 

Combining  printed-circuit  board  construction  with  a  coaxial  feed  allows  for 
several  options  when  selecting  the  geometry  of  the  radiating  slot;  three  antennas 
were  considered  for  this  design  (the  competing  antenna  geometries  are  shown  in 
Fig.  4.1).  The  slot  could  be  constructed  from  a  substrate-integrated  waveguide 
(SIW)  with  microstrip  transition  [7],  but  the  tapered  transition  acted  as  a  signif¬ 
icant  radiating  surface  in  simulations.  A  closed  substrate-integrated  cavity  with 
integrated  slot  and  a  direct  coaxial  cable  feed  eliminates  any  extraneous  radiation 
and  offers  good,  though  very  narrowband,  performance,  but  is  very  sensitive  to 
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the  fabrication  tolerances  of  the  slot  and  cavity  dimensions  and  was  difficult  to  ex¬ 
cite  in  practice.  A  slotted  stripline  antenna  has  a  good  coaxial  transition,  has  no 
extraneous  radiating  geometry,  and  offers  broader  bandwidth  than  the  full  cavity. 
Each  of  these  three  antennas  offers  similar  impedance  characteristics  when  feeding 
the  metamaterial  lens,  with  only  small  changes  in  input  impedance  when  placed 
adjacent  to  the  ZIM  structure  compared  to  free  space. 
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Fig.  4.1:  (a)  50  Q  Microstrip-fed  substrate-integrated  waveguide-backed  magnetic 
slot  antenna  tuned  for  2.4  GHz  .  (b)  Substrate-integrated  cavity-backed  magnetic 
slot  antenna,  with  direct  50  coaxial  excitation  tuned  for  2.5  GHz  (note-the  top, 
bottom,  side,  and  back  of  the  board  are  covered  in  PEC  to  form  a  closed  cavity, 
except  for  the  slot  aperture),  (c)  50  stripline-excited  magnetic  slot  antenna, 
tuned  for  2.8  GHz  .  The  resonant  frequencies  of  the  three  antennas  vary  due  to 
changes  in  the  lens  structure  and  targeted  frequency  throughout  the  design  process. 


4.1.1  Substrate-integrated  waveguide  slot  antenna 

The  design  of  the  SIW  antenna  may  be  broken  into  several  pieces:  the  substrate- 
integrated  waveguide[87],  the  transition  from  a  microstrip  to  the  waveguide  [7], 
[76],  and  the  slot  antenna  placement  and  dimensions  [88].  All  components  were 
designed  for  use  with  a  31mil  Rogers  RO5880  RF  substrate. 

A  substrate-integrated  waveguide  is  constructed  from  a  section  of  printed- 
circuit  board  with  two  metalized  layers  bounded  by  rows  of  closely-spaced  vias. 
The  cutoff  frequency  and  other  characteristics  of  an  SIW  are  the  same  as  those  for 
a  conventional  dielectric-filled  waveguide.  However,  the  effective  size  and  proper¬ 
ties  of  the  SIW  will  be  affected  by  the  diameter  and  spacing  of  the  vias.  Spacing 
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the  vias  too  far  apart  or  too  large  will  change  the  effective  width  of  the  waveguide 
for  computing  the  cutoff  frequency.  For  a  slot  antenna  at  2.5  GHz  ,  the  TE10  SIW 
cutoff  frequency  was  selected  to  be  1.8  GHz  according  to  3.1  to  yield  an  effective 
SIW  width  of  we  =  56.2  mm  .  Selecting  a  via  diameter  of  d  =  1  mm  and  a  center- 
center  spacing  of  p  =  1.5  mm  ,  the  spacing  between  the  via  centers  according  to 
the  SIW  design  equations  4.1  76]  was  as  =  56.9  mm  . 


as  =  we  + 


d 2 

0.95  *  p 


(4.1) 


4. 1.1.1  Microstrip  Transition 

The  microstrip  transition  between  the  50  12  microstrip  and  the  very  short  waveg¬ 
uide  was  the  most  troublesome  part  of  the  design  process.  Several  papers  have 
documented  the  design  of  microstrip  transitions  [76],  [89J  based  on  matching  the 
impedance  of  a  microstrip  line  and  the  SIW,  from  which  the  width  of  the  transi¬ 
tion  was  determined  to  be  wt  =  33.25  mm  .  At  the  antenna  operating  frequency, 
the  SIW  was  determined  to  have  a  wave  impedance  of  5.6  Q  ,  from  which  the 
final  taper  width  of  the  microstrip  was  selected  to  be  33.25  mm  by  using  the  mi¬ 
crostrip  design  tool  in  Ansoft  Designer.  The  50  $1  source  microstrip  had  a  width 
of  2.65  mm  according  to  the  same  design  tool.  Although  nonlinearly-tapered  lines 
(such  as  Dolph  Tchebvcheff  transformers)  can  achieve  better  impedance  matches 
over  wider  bandwidth  [89].  a  simple  linear  taper  between  the  thick  and  thin  mi¬ 
crostrip  lines  was  used  for  simplicity.  The  length  of  the  linear  taper  between  the 
50  was  determined  using  Ansoft  Designer  to  simulate  the  performance  for  var¬ 
ious  taper  lengths,  and  evaluating  the  behavior  based  on  the  transmission  and 
reflection  in  each  configuration.  Longer  tapers  achieved  better  results,  with  tapers 
120mm  and  greater  achieving  acceptable  results  for  the  antenna  transition.  The 
selected  length  of  140  mm  yields  less  than  -14dB  reflection  over  the  2-3  GHz  band 
of  interest. 


4. 1.1. 2  Slot  Dimensions  and  Placement 

The  slot  location  and  size  was  chosen  according  to  the  published  design  rules 
for  SIW  antennas  [88]  and  fine-tuned  by  parameter  study  in  Ansoft  Designer. 
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The  slot  length  is  on  the  order  of  A/2  and  the  width  of  the  slot  proportional  to 
the  desired  bandwidth  [90],  by  duality  with  half-wave  dipole  antennas.  Narrower 
slots  will  have  reduced  bandwidth,  but  also  smaller  cross-polarization,  as  well. 
The  slot  location  is  approximately  centered  along  the  length  of  the  waveguide, 
but  slightly  to  the  left  of  center  along  the  SIW  width.  The  slot  must  be  placed 
asymmetrically  in  the  SIW  in  order  to  produce  asymmetrical  circulating  fields  in 
the  metal  surrounding  the  slot  for  the  magnetic  field  excitation.  The  length  of  the 
shorted  waveguide  affects  the  impedance  match  of  the  slot,  as  well,  but  the  length 
should  be  minimized  to  simplify  the  fabrication.  Simulation  parameter  studies  to 
simultaneously  adjust  the  slot  size,  slot  position,  and  waveguide  length  yielded 
good  results  for  a  vertically- centered  2.25x65  mm  slot  offset  by  2mm  from  center 
horizontally  in  a  95  mm  waveguide  section. 

This  antenna,  simulated  on  an  infinite  ground  plane,  yields  a  nearly  ideal  mag¬ 
netic  dipole  radiation  pattern.  Some  pattern  distortion  is  expected  and  demon¬ 
strated  when  evaluated  on  a  finite  ground  plane.  Since  the  antenna  will  be  radi¬ 
ating  into  a  metamaterial  lens,  not  free  space,  the  far  field  radiation  pattern  on  a 
finite  ground  plane  is  not  critical,  however,  yields  a  nearly  ideal  magnetic  dipole 
radiation  pattern.  Some  pattern  distortion  is  expected  and  demonstrated  when 
evaluated  on  a  finite  ground  plane.  Since  the  antenna  will  be  radiating  into  a 
metamaterial  lens,  not  free  space,  the  far  field  radiation  pattern  on  a  finite  ground 
plane  is  not  critical,  however. 

4. 1.1.3  Final  Timing  and  Results 

The  design  equations  used  to  select  the  initial  dimensions  and  properties  of  the 
SIW  slot  antenna  are  valid  for  an  antenna  radiating  into  free  space.  The  very 
low  impedance  of  the  near-ZIM  lens  greatly  changes  the  impedance  properties  of 
the  antenna.  Simulations  of  the  antenna  as  designed  above  radiating  into  a  bulk 
near-ZIM  hexagonal  lens  show  a  very  poor  impedance  match  for  the  antenna  at  the 
design  frequency  of  2.4  GHz  .  However,  there  were  resonant  dips  in  the  reflection 
coefficient  near  2.1  GHz  and  2.6  GHz  which  could  be  shifted  by  appropriate 
geometry  changes  to  the  structure.  Although  this  antenna  was  used  for  initial 
measurements  of  the  static  lens,  the  design  exhibited  extraneous  radiation  from 
the  tapered  impedance  matching  section  and  proved  to  be  undesirable. 


Ill 


(a)  Fabricating  the  antenna  using  the 
PCB  mill 


(b)  Finished  Antenna 


Fig.  4.2:  Photographs  of  the  SIW  slot  antenna. 


4.1.2  Substrate-integrated  Cavity-backed  Slot  Antenna 

In  order  to  remove  the  excess  radiation  from  the  microstrip  taper,  the  substrate 
integrated  waveguide  of  the  previous  design  was  converted  to  a  closed  substrate- 
integrated  cavity.  Closing  all  of  the  walls  greatly  restricts  the  allowed  inodes, 
which  also  significantly  restricts  the  available  bandwidth.  With  a  voltage  excitation 
across  the  slot  (implemented  by  soldering  the  central  conductor  of  a  50  coaxial 
cable  to  one  side  of  the  slot,  and  the  sheath  to  the  other)  the  antenna  generated  a 
good  though  narrowband  impedance  match. 

A  copy  of  the  antenna  was  constructed  from  Rogers  5880  substrate,  but  the 
manufacturing  tolerances  were  not  sufficiently  good  to  have  the  slot  resonance 
frequency  aligned  with  the  cavity  resonance  frequency.  In  addition,  the  coaxial 
feed  was  very  poor,  showing  significant  insertion  loss  into  the  antenna.  For  these 
reasons,  the  cavity-based  antenna  was  removed  from  consideration. 

4.1.3  Stripline-integrated  Slot  Antenna 

Since  a  microstrip-based  slot  antenna  produces  bidirectional  radiation,  a  stripline- 
based  design  was  the  next  option  [91]. 

A  stripline-based  circuit  by  design  has  its  current  contained  within  the  two 
ground  planes.  By  cutting  a  slot  in  one  ground  plane  across  an  open-circuited 
signal  trace,  a  unidirectional  magnetic  radiating  mode  can  be  achieved.  Since  the 
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(a)  PCB  with  slot  in  upper  ground 
plane  with  pieces  of  copper  tape  to 
form  the  walls. 


(b)  Assembled  cavity. 


(c)  Assembled  Antenna  with  coaxial 
feed. 


Fig.  4.3:  Photographs  of  the  Substrate-Integrated  Cavity  slot  antenna. 
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stripline  is  not  a  closed  metallic  box,  the  bandwidth  can  be  better  than  the  cavity 
antenna. 

Compared  to  microstrip,  a  stripline  circuit  can  be  slightly  more  complex.  The 
stripline  mode  can  easily  couple  to  a  parallel-plate  mode  between  the  top  and 
bottom  ground  planes  unless  vias  are  used  to  constrain  the  modes.  However,  the 
pattern  and  spacing  of  vias  also  affects  the  fields  generated  by  the  slot;  selecting 
the  via  placement  for  an  optimal  simulated  impedance  match  and  good  radiation 
characteristics  was  the  most  time-consuming  part  of  the  antenna  design. 

The  pattern  of  the  manufactured  antenna  was  measured  to  find  a  narrow  band¬ 
width  of  acceptable  magnetic-mode  radiation  pattern  responses.  Outside  of  that 
narrow  band,  the  cross-pol  and  sidelobes  rapidly  increased.  More  analysis  of  the 
antenna  is  required  in  order  to  improve  the  behavior,  although  the  current  de¬ 
sign  was  sufficient  for  the  current  experiments.  Fig.  4.4  shows  the  azimuthal  field 
patterns  for  the  antenna. 

4.2  Static  Metamaterial  Lens 

Prior  to  constructing  the  full  metamaterial  lens,  a  static  lens  was  fabricated  as  a 
proof  of  concept  for  the  metamaterial  lens  itself.  Static  unit  cells  for  the  near-zero- 
index  and  near-free-space  conditions  (shown  in  Fig.  4.5(a-b))  were  tuned  and  tiled 
to  form  a  hexagonal  lens.  The  dimensions  for  the  near-free-space  unit  cell  were 
not  sensitive,  as  the  purpose  for  the  resonator  was  only  to  be  non-resonant  at  the 
operational  frequency  of  2.75  GIIz  .  Each  layer  of  the  lens  was  constructed  from 
several  interlocking  pieces,  so  the  angle  of  the  steered  beam  could  be  changed  by 
replacing  a  subset  of  the  metamaterial  panels.  The  metamaterial  PCB  panels  were 
constructed  with  mounting  holes  drilled  along  the  periphery  to  allow  the  lens  to 
be  assembled  with  nylon  screws  and  spacers.  Photographs  of  the  assembly  of  the 
static  lens  are  shown  in  Fig.  4.6. 

Initial  measurements  of  the  static  lens  fed  by  the  substrate-integrated  waveg¬ 
uide  slot  antenna  showed  encouraging  results  on  the  lens  performance  (as  well  as 
indications  of  the  poor  behavior  of  the  SIW  slot  antenna),  which  prompted  the 
construction  of  the  full  metamaterial  lens  while  the  static  lens  testing  continued. 

Unfortunately,  later  testing  did  not  improve  over  the  initially  promising,  but 
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Power  Magnitude  Pattern  at  2  73750  GHz 

2,213142e-06 

-57.  OOdB  *56  55dB 


(a) 

Power  Magnitude  Pattern  at  2  76250  GHz 

2.213 142e-06 


Power  Magnitude  Pattern  at  2  75000  GHz 


2  213142e-06 

-57  OOdB  -56  55dB 


Power  Magnitude  Pattern  at  2  77500  GHz 


(c)  (d) 

Fig.  4.4:  Measured  azimuthal  pattern  cuts  for  the  stripline-integrated  slot  antenna 
at  (a)  2.7375  GHz  (b)  2.75  GHz  (c)  2.7625  GHz  and  (d)  2.775  GHz  . 


(a)  (b)  (C) 


Fig.  4.5:  Photograph  of  individual  hex  cells  for  the  static  near-free-space,  static 
near-ZIM,  and  reconfigurable  metamaterials.  The  static  unit  cells  were  used  to 
construct  a  test  lens,  and  the  near-ZIM  hex  cells  were  used  to  form  the  inner  three 
rings  of  the  reconfigurable  lens. 
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(a)  Static  metamaterial  board 


(c)  Separated  static  motamaterial 
boards 


(b)  Separating  the  subelements  of  the 
board  using  the  PCB  mill 


(cl)  Assembled  static  lens  with  sub¬ 
strate  integrated  waveguide  feed, 
front. 


(e)  Assembled  static  lens  with  sub¬ 
strate  integrated  waveguide  feed,  rear. 


Fig.  4.6:  Photographs  of  the  assembly  static  metamaterial  lens  board. 
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poor-quality  measurements.  Although  the  unit  eell  measurements  and  simulations 
agreed  very  elosely  and  the  return  loss  measurements  and  simulations  of  the  statie 
lens  with  the  slotted  stripline  feed  also  agreed  reasonably  well,  the  pattern  mea¬ 
surements  did  not  show  the  expeeted  niainbeam.  Simulations  using  the  effective 
bulk  medium  properties  of  the  structure  predieted  a  strong  niainbeam  in  the  ex¬ 
peeted  direction,  depending  on  the  geometrie  scanning  angle.  Simulations  of  the 
full  metamaterial  structure  were  infeasible  due  to  the  eleetrieallv  large  but  fine- 
detailed  structure  of  the  lens  leading  to  extremely  exeessive  memory  requirements 
(multi-terabyte). 

A  greatly  simplified  simulation  was  performed  with  only  a  thin  region  of  the 
metamaterial  unit  cells  arranged  to  form  a  single-beam  normally-directed  radiation 
pattern  from  a  slot  antenna.  When  performed  with  the  effective  bulk  material 
parameters  extracted  from  the  unit  eell  simulations,  it  showed  a  high-directivity 
normally-directed  beam.  However,  the  simulation  of  the  full  unit  eells  did  not  show 
a  similar  radiation  pattern.  These  results  indicated  that  the  aggregate  of  unit  eells 
was  not  behaving  in  a  way  that  was  consistent  with  the  simulated  effective  material 
parameters  computed  from  the  results  of  a  single  periodic  hex  eell  simulation. 
Previous  work  [6],  [7],  [17]  has  repeatedly  demonstrated  the  validity  of  the  material 
parameter  extraction  routines  for  predieting  the  bulk  behavior  of  a  periodic  near¬ 
zero-index  metamaterial  structure,  so  additional  work  is  required  to  determine  the 
reason  for  this  discrepancy. 

4.3  Prototype  Layout 

The  reeonfigurable  metamaterial  lens  was  designed  and  fabricated  from  the  meta¬ 
material  designs  discussed  in  the  previous  chapter.  Although  only  a  half-hexagonal 
structure  was  built,  the  half-eirele  shown  in  Fig.  4.7  is  the  only  PCB  design  nee- 
essary  for  both  a  half-liexagon  and  a  full-hexagon  implementation.  The  PCB  will 
be  eut  along  the  lines  of  headers,  with  input  signals  provided  from  the  edge  of  the 
board.  To  make  a  eireular  lens,  the  leftmost  headers  and  sacrifieial  unit  cells  are 
removed.  Then,  the  two  half-eireles  are  rotated  and  plaeed  baek  to  baek  to  form 
the  full  cirele,  with  the  headers  connected  to  complete  the  control  loops.  Since  the 
same  design  may  be  used  to  fabricate  either  a  half-  or  a  full-eylinder  lens,  a  half- 


117 


cylinder  is  used  for  the  initial  prototype  to  reduce  the  fabrication  cost  by  reducing 
the  number  of  required  components  and  PCB  boards.  The  number  of  layers  in  the 
spiral  is  influenced  by  both  the  desired  size  of  the  lens,  a s  well  as  the  maximum 
board  size  available  for  manufacturing  the  PCB  layers. 

The  board  layout  illustrated  in  Fig.  4.7  will  be  combined  in  a  vertical  stack 
with  nylon  spacers  in  the  same  way  as  the  static  lens;  conceptual  illustrations  of 
the  final  lens  structure  are  shown  in  Fig.  4.8. 


Fig.  4.7:  Illustration  of  a  9-turn  hexagonal  spiral  lens  with  270x25  nun  unit  cells, 
making  a  215  mm  radius  lens.  The  lens  structure  is  rotationally  symmetric,  al¬ 
lowing  the  design  to  be  fabricated  in  halves  to  satisfy  PCB  board  size  limitations. 
The  half-lens  on  the  right  may  be  used  to  construct  the  half-cylindrical  initial 
prototype,  while  two  halves  may  be  combined  to  form  the  entire  cylindrical  lens. 


4.4  Prototype  Construction 

After  receiving  the  fabricated  printed  circuit  boards  in  December  of  2013,  the 
prototype  was  assembled.  This  involved  manual  assembly  of  the  power  regulator 
board  with  through-hole  components,  manual  lamination  of  the  top  and  bottom 
ground  planes  with  aluminum  foil,  soldering  headers  to  the  circuit  boards,  and 
assembling  the  5-pin  wiring  harnesses  for  distributing  power  and  control  signals  to 
the  boards. 
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Fig.  4.8:  3D  model  of  prototype  lens  as  half-hexagonal  cylinder. 


The  metamaterial  boards  are  pictured  in  Fig.  4.9.  The  boards  were  received  in 
separated  form  (unlike  the  static  design),  and  the  headers  for  the  wiring  harness 
added  before  assembling  the  lens. 

Three  finite  ground  planes  are  required  for  the  lens  -  top  and  bottom  for  con¬ 
trolling  the  resonant  mode,  and  a  rear  ground  plane  to  truncate  the  half-cylinder 
and  to  host  the  slot  antenna.  The  top  and  bottom  ground  planes  were  ordered 
from  the  same  company  that  manufactured  the  rest  of  the  PCB  panels,  but  arrived 
without  the  required  copper  plating.  This  was  remedied  by  laminating  aluminum 
foil  to  the  surfaces  prior  to  use  (Fig.  4.10). 

The  rear  ground  plane  is  required  to  have  a  series  of  slots  and  narrow  fingers  to 
slide  between  the  metamaterial  layers.  This  does  mean  that  the  rear  ground  plane 
is  not  continuous,  but  has  narrow  slots  for  the  dielectric  substrates.  Simulations 
did  not  show  a  major  affect  of  the  slotted  ground  plane  compared  to  a  continuous 
ground  plane,  due  to  the  parallel  orientation  of  the  E-field  to  the  slots.  A  large 
number  of  vias  were  included  to  the  metamaterial  substrates  to  create  an  additional 
effective  metal  wall  between  the  inside  and  outside  of  the  lens  within  the  slots,  as 
well.  The  rear  ground  plane  was  manufactured  from  dual-sided  FR4  substrate 
material  using  a  PCB  mill  to  cut  the  outline  and  slots,  with  photographs  shown 
in  Fig.  4.11. 
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(a)  Metamaterial  PCB  board  showing 
the  unit  cells  with  integrated  shift  reg¬ 
isters.  Headers  for  power  and  control 
signals  were  attached  manually. 


(b)  Metamaterial  boards  stacked  ver¬ 
tically,  separated  by  281  mil  nylon 
spacers. 


(c)  Stack  of  metamaterial  boards  con¬ 
nected  in  parallel  by  5-pin  wiring  har¬ 
ness. 


Fig.  4.9:  Photographs  of  the  fabricated  metamaterial  panels  and  their  assembly 
into  a  vertical  stack. 
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(a)  The  top  and  bottom  ground  panels 
arrived  unplated. 


(c)  Foil  was  applied  across  the  entire 
board  and  later  trimmed  to  the  edge. 


(b)  Superglue  was  used  to  laminate 
aluminum  foil  to  the  boards  to  serve 
as  ground  planes. 


(d)  One 


Fig.  4.10:  Photographs  of  the  assembly  of  the  top  and  bottom  ground  planes. 
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(a)  The  rear  ground  plane  was  ma-  (b)  Slots  were  cut  into  the  substrate 
chined  from  double-sided  FR4  sub-  to  allow  installation  of  the  ground  be- 
strate  using  a  PCB  mill.  tween  the  metamaterial  layers. 


(c)  Two  copies  of  the  ground  plane  are 
required  to  cover  both  halves  of  the 
lens;  the  center  of  the  lens  is  covered 
by  the  slot  antenna. 


Fig.  4.11:  Photographs  of  the  assembly  and  use  of  the  rear  ground  plane. 


122 


4.4.1  Controller 

A  MSP430  microcontroller  development  board  (fig:proto:controlphotos)  was  used 
as  the  controller  for  setting  the  lens  state.  The  original  plan  was  to  use  a  PC  to 
compute  the  bit  sequence  required  for  a  given  beam  direction,  and  then  transmit 
that  sequence  to  the  lens  through  the  USB-connected  MSP430.  However,  after 
some  revisions,  the  control  logic  was  capable  of  being  programmed  in  fixed-point 
16-bit  arithmetic  and  included  in  the  MSP430  firmware  to  allow  untethered  control 
of  the  lens. 


(a)  The  control  wiring  harness  to 
the  power  boards  was  attached  to 
general-purpose  I/O  (GPIO)  pins  on 
the  MSP430. 


(b)  Although  powered  by  a  USB  c  able, 
the  controller  generates  all  control  sig¬ 
nals  with  no  communication  to  a  host 
PC. 


Fig.  4.12:  Photographs  of  the  MSP430  microcontroller  development  board  used  to 
generate  the  control  signals. 


The  initial  electrical  tests  focused  on  the  power  supply  board  (Fig.  4.13)  and 
the  LED  board,  which  allows  for  visual  feedback  of  the  state  of  the  unit  cells 
within  the  lens.  The  original  circuit  design  for  the  power  regulator  in  Fig.  3.48 
turned  out  to  be  invalid  for  the  high  current  required  by  the  LEDs.  The  single 
power  board  was  therefore  replaced  by  two  boards,  one  of  which  was  constructed 
without  the  -lv  bias  voltage  supply.  This  change  was  beneficial,  as  it  allowed  the 
metamaterial  (low  current,  precise  voltages)  and  the  LED  indicators  (high  current, 
imprecise  voltages  allowed)  to  be  powered  independently.  Multiple  copies  of  the 
unpopulated  power  regulator  PCB  had  been  included  in  the  original  manufacturing 
order,  and  so  one  of  these  boards  was  modified  to  become  the  LED  power  supply. 
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(a)  The  power  supply  PCB  was  man¬ 
ufactured  by  a  third  party,  but  popu¬ 
lated  with  components  manually. 


(b)  Assembled  power  board 


(c)  The  power  board  is  mounted  to  the 
LED  board,  showing  the  power  supply 
and  control  output  cable  connected  to 
the  LED  board  input. 


Fig.  4.13:  Photographs  of  the  assembly  and  use  of  the  power  board. 
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After  the  power  regulator  was  validated,  the  LED  board  was  tested  (Fig.  4.14). 
Several  bad  solder  connections  to  the  shift  register  chips  were  found  and  corrected 
to  allow  all  of  the  LEDs  within  the  lens  to  function,  and  the  distributed  shift 
register  was  tested  with  a  function  generator  as  a  clock  source,  and  a  momentary 
pushbutton  to  control  the  data  signal.  With  this  setup,  on-off  signals  success¬ 
fully  propagated  throughout  the  lens.  Clock  speeds  were  increased  to  200kHz  and 
greater  without  obvious  clocking  errors,  given  the  simple  data  inputs.  At  that  clock 
speed,  the  response  of  the  LEDs  throughout  the  lens  to  changing  the  pushbutton 
state  was  visually  simultaneous  and  instantaneous. 


(a)  Assembled  LED  board.  power  is  applied. 

Fig.  4.14:  Photographs  of  the  LED  board. 


However,  when  sending  test  patterns  with  real  configuration  data  through  the 
lens  from  the  MSP430  controller,  it  was  found  that  the  shift  registers  suffered 
from  severe  clock  errors  due  to  noise  on  the  clock  line,  as  seen  in  Fig.  4.15.  The 
errors  were  most  visible  when  sending  individual,  isolated  bits  into  the  lens,  for 
example,  one  positive  bit  in  every  eight  or  sixteen  bits.  The  errors  were  manifested 
as  either  dropped  bits  (a  single  bit  disappearing  midway  through  the  lens)  or 
duplicated  bits  (a  single  bit  mutating  to  two  or  more  positive  bits).  These  effects 
were  mitigated  by  inserting  additional  CMOS  buffers  into  the  clock  line  and  adding 
capacitors  at  the  edge  of  the  lens  to  reduce  the  noise  (Fig.  4.16).  The  controller 
could  then  successfully  set  a  pattern  into  the  lens  for  a  desired  scan  angle  with 
a  satisfactory  accuracy;  complete  correction  of  the  design  flaw  would  require  an 
additional  prototype  design  so  that  the  buffers  and  capacitors  could  be  distributed 
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throughout  the  lens. 

The  metamaterial  printed  circuit  boards  suffered  from  similar  clock  errors,  and 
the  same  mitigation  technique  was  successfully  applied.  Each  metamaterial  PCB 
was  individually  tested  to  ensure  that  the  data  signals  were  propagating  throughout 
the  entire  lens.  In  several  cases,  there  were  faulty  solder  joints  or  inductors  that 
were  repaired  or  replaced  to  restore  correct  operation.  After  verification  of  the  DC 
response  of  the  lens,  the  metamaterial  boards  were  stacked  vertically  and  secured 
by  nylon  spacers,  as  shown  in  Fig.  4.16. 

Once  the  DC  control,  bias,  and  power  circuitry  had  been  verified,  the  RF 
behavior  was  tested  using  an  individual  unit  cell  and  a  waveguide  test  fixture.  As 
seen  in  Fig.  4.17,  there  was  a  strong  discrepancy  between  the  measured  response 
of  the  hex  in  the  unit  cell  (left)  and  simulation  of  the  same  structure  (center).  The 
reason  for  the  difference  was  determined  by  destructive  testing  of  the  hex  cells, 
which  involved  sequentially  removing  components  until  the  results  began  agreeing 
with  simulations.  Based  on  this  process,  the  shift  register  and  varactors  were 
removed  without  greatly  affecting  the  response.  However,  removing  the  inductors 
made  a  significant  change.  It  was  determined  that  the  difference  between  the 
measurements  and  simulations  was  due  to  the  specific  inductors  selected  for  the 
design,  which  turned  out  to  have  a  low  Self- Resonant  Frequency  (SRF)  of  500  MHz. 
Simulations  performed  with  the  measured  two-port  scattering  parameters  of  the 
actual  inductors  showed  the  same  poor  performance  as  seen  in  the  measurements. 
The  effects  of  the  difference  in  scattering  parameters  on  the  effective  material 
response  of  the  metamaterial  are  seen  in  Fig.  4.18;  with  the  original  inductor,  the 
ZIM  response  has  been  suppressed.  Replacing  the  inductors  (Fig.  4.19)  in  a  single 
hex  with  higher-quality,  high-SRF  (2.5  GHz)  wire-wound  inductors  restored  the 
hex  behavior  to  match  the  simulations  after  a  200  MHz  frequency  shift.  Fig.  4.20 
and  Fig.  4.18  show  the  comparison  between  the  hex  response  in  the  waveguide  as 
well  as  the  effective  permeability  with  the  original,  ideal,  and  corrected  inductors. 
It  was  not  considered  feasible  to  manually  replace  the  15,000  0402  SMT  inductors 
on  the  current  prototype,  and  so  the  RF  testing  of  the  entire  lens  was  postponed 
until  an  additional  prototype  could  be  designed  and  built. 
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(a)  A  regular  input  pattern  at  the 
upper  right  is  rapidly  distorted  as  it 
propagates  through  the  array.  The  in¬ 
put  signal  was  a  uniform  regular  pat¬ 
tern. 


(b)  Signal  trace  of  bad  clock  transi¬ 
tion;  noise  on  the  clock  (yellow)  causes 
a  double  step  of  the  data  (blue)  line, 
erasing  a  bit. 


(c)  Clock  transition  with  no  error,  clock  errors  were  resolved.  All  single- 
Success  and  failure  was  random  bit  lights  in  the  outer  ring  are  in  sync. 


(e)  The  lens  can  now  be  steered  with 
only  small  errors. 


Fig.  4.15:  Photographs  showing  the  result  of  clock  noise,  and  its  mitigation. 
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(a)  The  buffer  boards  were  fabricated 
using  the  PCB  mill. 


(c)  The  buffer  chips  and  wires  were 
soldered  to  the  boards. 


(e)  Clock  errors  in  the  mctamatcrial 
boards  were  tested  by  connecting  the 
input  of  the  LED  board  to  the  output 
of  the  metamaterial  board. 


(b)  One  board  was  created  for  each 
layer  of  the  metamaterial  lens. 


(d)  The  connection  wires  (inputs  and 
outputs)  were  connected  to  the  LED 
and  metamaterial  boards  after  sever¬ 
ing  the  original  PCB  traces.  Addi¬ 
tional  capacitance  between  clock  and 
ground  was  installed,  as  well. 


(f)  The  lens  was  reassembled  after 
connecting  and  testing  each  layer. 


Fig.  4.16:  Photographs  showing  construction  of  the  buffer  carrier  boards  for  miti¬ 
gating  the  clock  jitter. 
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Fig.  4.17:  The  measured  and  simulated  scattering  parameters  of  the  hex  show 
little  agreement.  In  addition  to  the  frequency  shift,  where  the  simulations  predict 
a  transmission  null,  the  measurements  show  a  transmission  peak.  This  discrepancy 
was  resolved  by  replacing  the  inductors  of  the  measured  design. 
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(c)  High- SR  F  wire- wound  inductors 


Fig.  4.18:  The  isolating  inductors  show  a  very  large  effect  on  the  effective  metama¬ 
terial  behavior  of  the  hex  cell.  Replacing  the  original.  low-SRF  inductors  by  the 
68nH  high-SRF  inductor  returns  the  response  to  match  that  of  the  ideal  inductor 
simulations. 
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(a)  All  components  were  removed 
from  the  unit  cell  in  order  to  de¬ 
termine  the  cause  of  the  simula¬ 
tion  / measurement  discrepancy. 


(b)  Unit  cell  prepared  for  installation 
of  new  inductors. 


(c)  The  ceramic  inductors  have  been 
replaced  by  wire-wound  68  nH  induc¬ 
tors. 


Fig.  4.19:  Photographs  of  the  single  hex  cell  with  corrected  inductors. 
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Unit  Cell  Response  in  Waveguide  Test  Fixture 


Metamaterial  On  (near- zero-index) 


Mctamaterial  Off  (near-f  ree  space  ( 


Freq  [GHz] 

Fig.  4.20:  Measured  and  simulated  metamaterial  response  in  the  waveguide  test  cell 
after  replacing  the  inductors.  The  measured  results  show  a  300  MHz  frequency 
shift  relative  to  the  simulations,  as  well  as  increased  transmission  losses  at  the 
upper  frequencies  (especially  for  the  off  state  of  the  metamaterial). 


Chapter 


Conclusions  and  Future  Work 


The  woik  described  in  this  dissertation  has  pushed  the  boundaries  of  metamate¬ 
rial  and  metamaterial  antenna  technology.  The  reconfigurable  metamaterial  lens 
antenna  offers  electronic  control  over  the  in-plane  radiation  pattern,  and  allows  for 
vertical  scanning  by  extending  to  a  vertical  stack  of  concentric  lenses.  These  de¬ 
signs  offer  an  alternative  for  high-gain  electronic  beam  scanning  when  the  particu¬ 
lar  implementation  requirements  of  a  many-elemcnt  phased  array  are  not  practical. 
Like  most  metamaterial  devices,  this  antenna  concept  offers  additional  trade-offs 
to  the  designer,  but  is  not  suitable  as  an  immediate  replacement  for  all  existing 
scanning  antennas.  This  woik  will  be  continued  by  developing,  fabricating,  and 
characterizing  a  revised  prototype  of  the  half-hexagonal  antenna  as  a  proof-of- 
eoncept  for  the  new  technology. 

The  new  hexagonal  metamatcrial  unit  cells  can  be  tiled  to  create  an  arbitrary- 
sized  metamaterial  slab  that  changes  between  near-zero-index  and  near-free  space 
conditions.  This  work  has  demonstrated  that  it  is  possible  to  design  a  spatial 
control  network  that  may  coexist  with  the  resonators  of  the  metamaterial  without 
significant  degradation  of  the  behavior.  Moreover,  timing  of  the  active  frequency 
and  high-  and  low-index  states  of  the  entire  metamaterial  slab  may  be  adjusted 
through  the  external  bias  voltages.  Measurements  of  the  unit  cell  have  confirmed 
the  predicted  behavior  on  an  individual  unit  cell  basis,  with  a  slight  frequency  shift 
due  to  imperfect  characterization  of  the  varactor  diodes  and  fabrication  imper¬ 
fections.  Reconfigurable  metamaterials,  especially  spatially  reconfigurable  meta- 
materials,  offer  many  advantages  to  the  electromagnetic  designer  -  the  ability  to 
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simultaneously  change  both  effective  geometry  and  effective  material  parameters 
will  yield  a  significant  increase  in  advanced  device  capability  as  well  as  broaden 
the  applications  space. 

Although  the  metamaterial  lens  prototype  constructed  during  this  project  was 
not  successfully  tested,  the  many  subcomponents  of  the  design  have  been  tested 
and  verified.  The  simulations  of  the  lens  itself  with  effective  bulk  material  parame¬ 
ters  demonstrate  the  usefulness  of  the  design  approach,  and  the  measurements  and 
simulations  of  the  unit  cells  show  that  a  spatially  tunable  metamaterial  structure 
can  be  achieved. 


5.1  Lessons  from  the  Lens  Prototype  and  Future 
Revisions 

Updated  designs  for  a  second  lens  prototype  to  correct  the  deficiencies  found  in 
the  first  lens  are  in  progress.  The  primary  correction  will  be  to  replace  the  original 
inductors  by  the  high-SRF  wire-wound  inductors.  The  poor  performance  caused  by 
the  inductor  selection  in  the  prototype  constructed  during  this  project  prevented 
conclusive  testing  of  the  antenna  behavior  and  required  a  new  prototype  to  finish 
the  tests.  In  addition  to  replacing  the  inductors,  the  design  was  revised  to  address 
the  other  issues  that  were  manually  corrected  in  the  initial  prototype.  The  primary 
changes  are  listed  below. 

•  Verify  the  computed  effective  material  response  of  the  metamaterial  (plotted 
in  Fig.  5.1)  and  compare  the  simulated  responses  of  the  metamaterial  itself 
to  the  response  of  the  effective  material  properties. 

•  Integrate  the  separate  power  supplies  for  the  LED  and  MTM  boards  on  the 
LED  board. 

•  Instead  of  a  -lv  bias  voltage  for  the  LED  board,  include  a  +4v  high-current 
supply  to  act  as  the  power  rail  for  the  LED  cathodes  to  enable  independent 
control  of  the  board  logic  states  and  the  current-consuming  LEDs  (Fig.  5.2). 

•  Include  quick-disconnect  headers  for  the  power  supplies  and  the  power  supply- 
metamaterial  boards. 
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•  Include  toggle  switches  on  the  power  boards  to  enable  independent  control 
of  each  voltage  rail  to  reduce  power  consumption  during  measurements  and 
simplify  testing. 

•  Include  a  voltmeter  and  ammeter  on  the  LED  board  to  allow  real-time  mon¬ 
itoring  in  the  chamber  of  the  bias  and  tuning  voltages. 

•  Include  both  input  and  output  headers  for  the  control  signals  from  the  LED 
and  MTM  boards,  to  enable  easy  monitoring  of  the  control  signals. 

•  Use  SMT  components  for  the  power  boards  to  simplify  assembly  and  reduce 
assembly  errors. 

•  Prior  to  placing  the  board  orders,  simulate  the  metamaterial  unit  cell  with 
full  device  characteristics  for  the  inductors,  capacitors,  and  varactors.  Ensure 
that  all  of  the  components  are  rated  for  high-frequency  use. 

•  Simplify  the  board  layout  by  transitioning  to  a  bi-directional  spiral  for  the 
control  circuit  distribution  as  seen  in  Fig.  5.3,  which  reduces  the  length  and 
number  of  traces  in  back  of  the  board. 

•  Add  Schmitt  trigger  buffers  inside  the  lens  itself  to  regenerate  the  clock,  at 
least  every  7-8  unit  cells.  The  green  borders  in  Fig.  5.3  illustrate  the  location 
of  the  Schmitt  buffers  within  the  interior  of  the  lens. 

•  Add  capacitors  between  clock  and  ground  and  power  and  ground  in  each  unit 
cell  to  minimize  noise. 

•  Update  the  controller  firmware  to  account  for  the  new  control  trace  layout. 

•  Remove  all  of  the  static  hex  elements  in  the  center  of  the  lens  and  replace 
with  the  reconfigurable  hexes,  since  the  tuning  range  of  the  reconfigurable 
hexes  is  not  large  enough  to  match  the  static  hexes. 
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Hn'  vs.  bias  voltage  for  Hex  v4  (3.25  mm  loops)  vs.  bias  voltage  for  Hex  v4  (3  25  mm  loops) 


Fig.  5.1:  Simulated  effective  metamaterial  parameters  for  the  revised  unit  cells. 


Bias  Voltage  [V] 
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Fig.  5.2:  Updated  circuit  schematic  for  the  voltage  regulator  and  level  shifter 
circuit  with  integrated  power  switches  for  each  subcircuit,  selectable  voltmeter, 
and  ammeter. 
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Fig.  5.3:  Diagram  of  the  hex  orientations  for  the  updated  lens  design. 
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